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ABSTRACT 
 
Brian Gibson Hiester (Ph.D., Molecular, Cellular, and Developmental Biology) 
Determining the role of Wnt signaling during BDNF-induced cortical neuron 
growth and dendritic spine formation. 
Thesis directed by Associate Professor Kevin R. Jones 
 
 Dendritic spines are major sites of excitatory synaptic transmission and 
changes in their densities and morphologies have been linked to 
neurodevelopmental disorders and neurodegenerative diseases.  The Jones lab 
has previously shown using a forebrain-specific BDNF knockout mouse (fsBDNF-
KO) that loss of BDNF leads to a significant reduction in dendritic spine density 
and a loss of dendrites in cortical neurons.  However, the mechanisms by which 
BDNF regulates dendrites and dendritic spine formation remain unclear.  I 
propose that one mechanism by which BDNF regulates these processes is by 
controlling the expression of other secreted signaling proteins, thereby 
establishing bidirectional communication between neurons.  Global 
transcriptional analysis of fsBDNF-KO mice revealed that several Wnt genes are 
dysregulated along with other components of Wnt signaling pathways.  The Wnts 
are a large family of secreted signaling proteins known to be regulated by neural 
activity and to regulate synapse function.  However, a role for the Wnts in BDNF-
mediated synapse formation in the CNS has not yet been described.  Here, I 
demonstrate that blocking Wnt signaling in cortical neurons in vitro using four 
different Wnt signaling inhibitors impairs cortical dendrite growth and dendritic 
spine formation.  Additionally, I show that Wnt signaling is required for both 
BDNF-induced dendritic spine formation and BDNF-induced changes in dendritic 
spine morphology associated with dendritic spine maturation.  Further, I show 
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that BDNF increases the expression of an individual Wnt gene, Wnt2, and may 
decrease the expression of another Wnt gene, Wnt4.  Lastly, I demonstrate that 
Wnt2 is sufficient to increase dendrite growth, increase dendritic spine density 
and promote dendritic spine maturation, while Wnt4 is sufficient to increase 
dendritic spine density. Together, these data suggest that BDNF and Wnt 
signaling may cooperatively regulate dendritic spine formation and that BDNF 
may regulate dendritic spine formation in part by regulating expression of 
different Wnt genes. 
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CHAPTER 1:  Introduction 
 
 The mammalian brain is an astoundingly complex organ.  Although the 
brain contains a remarkable diversity of different cell types, the fundamental unit 
that mediates long-distance connectivity and information processing in the brain 
is the neuron.  Neurons are morphologically unique cells that possess an ability 
to form connections with one another at specialized structures called synapses.  
Each neuron in the brain is capable of forming thousands of synaptic 
connections.  The human brain contains trillions of neurons, thus it contains 
approximately 1014 synapses.  Despite the enormous connective potential of the 
brain, these synapses are organized into precise anatomical circuits.  This 
remarkably organized connectivity and its inherent plasticity is ultimately what 
underlies brain function.  Importantly, the ability of neurons to modulate the 
formation and strength of synaptic connections within circuits in response to 
experience is what endows the brain with the functional flexibility needed to 
regulate biological phenomena as complex as human behavior. 
 
1.1 Neurons communicate through electrochemical synapses 
 Neurons are unique cell types that process and transmit electrical and 
chemical signals, and communicate with other neurons through asymmetric 
structures known as electrochemical synapses.  A typical synapse consists of 
two major components, an axonal presynaptic specialization and a dendritic 
postsynaptic specialization (Fig 1.1). 
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Figure 1.1.  Diagram illustrating some of the basic components of a typical CNS 
excitatory synapse.  Figure taken from McAllister (2007). 
 
 3 
The purpose of the synapse is to convert an electrical signal, in the form of action 
potentials transmitting down axons into the presynaptic bouton, into a chemical 
signal that crosses the synaptic cleft, in the form of neurotransmitters released 
from the presynaptic cell (Burns and Augustine, 1995).  The neurotransmitters 
transduce a signal to the postsynaptic dendrite by binding to neurotransmitter 
receptors located on the surface of the postsynaptic dendrite (Kennedy, 2000).  
The neurotransmitter receptors act to convert the chemical signal from the 
neurotransmitters back into an electrical signal within the postsynaptic cell.  This 
series of events is known as synaptic transmission and forms the basis for the 
majority of information transfer within the central nervous system (CNS). 
 There are two major classes of synapses within the CNS, excitatory and 
inhibitory.  Excitatory synapses transmit information using the amino acid 
neurotransmitter glutamate, which signals through glutamate receptors to 
increase the activity of the postsynaptic neuron (McAllister, 2007).  In contrast, 
inhibitory synapses use the neurotransmitter gamma-Aminobutyric acid (GABA), 
which binds GABA receptors and decreases activity in the postsynaptic neuron 
(Markram et al., 2004).  The balance of excitatory and inhibitory input into a given 
neuron regulates its excitability and, ultimately, its functional role within a given 
neural circuit (Levinson and El-Husseini, 2005).  As the purpose of this thesis is 
to examine the formation of a specialized type of excitatory synapse, I will focus 
further discussion on this topic to the composition and regulation of excitatory 
synapses in particular. 
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 As previously mentioned, the excitatory synapse is an asymmetric 
structure, consisting of a presynaptic terminal and a postsynaptic density (PSD) 
(Fig. 1.1).  The presynaptic active zone is characterized by the presence of an 
electron-dense meshwork of proteins and synaptic vesicles that are embedded 
within this matrix, some of which are docked to the synaptic membrane (Burns 
and Augustine, 1995; Hirokawa et al., 1989; Landis, 1988; Phillips et al., 2001; 
Waites et al., 2005).  Directly apposed to the presynaptic active zone is the 
postsynaptic density (PSD), which is another electron-dense meshwork of 
proteins.  The PSD serves to cluster neurotransmitter receptors, voltage-gated 
ion channels, and various kinases and second-messenger signaling molecules 
that act to transduce the synaptic signal into the postsynaptic cell (Sheng, 2001; 
Waites et al., 2005).  Embedded within both the active zone and the PSD are 
various classes of trans-synaptic adhesion molecules that physically connect the 
pre- and postsynaptic compartments and also to specify proper neuronal 
connections during synapse formation (Scheiffele, 2003; Waites et al., 2005).  
Synapse formation can generally be described as the coordinated regulation of 
the assembly of pre- and postsynaptic components (Craig et al., 2006; Garner et 
al., 2006; Lin and Koleske, 2010; McAllister, 2007; Waites et al., 2005). 
 
1.2 Dendritic spines are specialized excitatory synapses 
 The majority (>90%) of excitatory synapses in the CNS form on dendritic 
spines, which are specialized actin-rich postsynaptic structures that emanate 
from the dendritic shaft (Harris and Kater, 1994; Nimchinsky et al., 2002).  
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Dendritic spines are, in essence, a unique compartmentalized synapse in which 
the postsynaptic compartment is isolated from the dendritic shaft.  The physical 
separation of the synapse from the dendritic shaft allows dendritic spine 
synapses to function with varying degrees of independence from the dendritic 
shaft.   
 Dendritic spines were first discovered over a century ago by the renowned 
neuroscientist Ramón y Cajal while studying the dendrites of Purkinje cells in 
hens stained using the Golgi method (Cajal, 1891).  Cajal expanded his study of 
dendritic spines to several different types of cells and species and was the first to 
propose a functional role for dendritic spines in connecting neurons and 
regulating the flow of information between them.  An example of some of his 
drawings is shown in Figure 1.2.  Dendritic spines occur on the majority of 
principal neuron classes in the brain, including the pyramidal neurons of the 
cortex, the medium spiny neurons of the striatum, and the Purkinje cells of the 
cerebellum.  Despite their seeming ubiquity, dendritic spine distribution can vary 
widely depending on the cell type throughout the brain, and the mechanisms 
underlying spine formation and maintenance in different brain regions can vary 
quite considerably (Garcia-Lopez et al., 2010; Yuste and Bonhoeffer, 2004). 
  
 6 
 
Figure 1.2.  Examples of drawings made by Cajal from his pioneering studies in 
the discovery of dendritic spines.  Image taken without permission from Garcia-
Lopez et al. (2010). 
 
1.3 Dendritic spine formation correlates with spine morphology 
 Due to their distinct morphology, the formation and function of dendritic 
spines have most frequently been examined in a morphological manner.  
Typically, dendritic spines consist of a bulbous spine head that is connected to 
the dendritic shaft through a thin spine neck that varies in length (Nimchinsky et 
al., 2002).  However, spine shape is very heterogeneous.  Extensive studies 
using both light and electron microscopy revealed that there is a huge spectrum 
of different spine types.  The first rigorous classification of spine shape 
categorized spines into three main categories:  mushroom, stubby or thin (Peters 
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and Kaiserman-Abramof, 1970).  These spine types are determined by the ratio 
of the width of the spine head to the length of the spine neck. Subsequent 
studies identified a fourth spine shape, termed filopodial spines, which lack a 
discernible spine head (Fiala et al., 1998; Papa and Segal, 1996; Ziv and Smith, 
1996).  Figure 1.3 shows a diagram of these four main spine morphologies. 
 
Figure 1.3.  General classification of dendritic spine shapes in the CNS.  Image 
taken without permission from Yuste and Bonhoeffer (2004). 
 
 The more recent use of live cell fluorescence microscopy has helped to 
illustrate the dynamic nature of dendritic spines and has revealed substantial 
information regarding the stability of dendritic spine contacts throughout 
development.  Several in vivo studies examining the dynamics of dendritic spine 
formation in the mouse cortex indicate that while rates of spine formation are 
higher in younger animals, a greater percentage of those spines are less stable.  
Additionally, as animals age, spine formation rates decrease, but the portion of 
dendritic spines that remain stable increases (Grutzendler et al., 2002; Holtmaat 
et al., 2005; Majewska et al., 2006; Trachtenberg et al., 2002; Xu et al., 2007; 
Zuo et al., 2005).  Although there are differences in spine formation rates and 
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stabilities depending on the specific type of neuron imaged and the imaging 
technique used, dendritic spine structural plasticity declines with age. 
 Until very recently, the nature of the relationship between dendritic spine 
formation and synaptogenesis remained unclear.  Although stable dendritic 
spines contain all of the components of an excitatory synapse and the vast 
majority of dendritic spines receive excitatory input (Arellano et al., 2007; Harris, 
1999) it was unknown how soon nascent dendritic spines formed functional 
synaptic connections.  Experiments utilizing live cell fluorescence microscopy in 
combination with techniques used to assay levels of neural activity have further 
clarified the relationship between dendritic spine formation and synaptogenesis.  
Notably, Lohmann and Bonhoeffer (2008) demonstrated that nascent filopodial 
spines from hippocampal neurons generate glutamate signaling-independent 
local dendritic calcium currents within seconds of establishing contact with a 
presynaptic axon, and the frequency of these calcium transients correlates with 
the stability of the contact (Lohmann and Bonhoeffer, 2008).  Additionally, Zito et 
al. (2009) showed that newly formed (<2.5 hours) hippocampal spines form 
functional glutamatergic synapses and that the amplitude of the glutamate 
current correlates with the volume of the dendritic spine (Zito et al., 2009).  The 
combined results of these recent studies together with the earlier anatomical 
studies of dendritic spines helped to formulate and support the filopodial model of 
dendritic spine formation.  The filopodia model postulates that dendritic spines 
are first formed as motile filopodia that extend from the dendritic shaft in search 
of a potential presynaptic partner.  Once contact is made, the nascent filopodium 
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begins to form a spine head containing synaptic components, and, as this 
synaptic contact matures, the spine head continues to grow and the spine neck 
grows smaller as the spine head retracts toward the dendritic shaft (Fiala et al., 
1998; Holtmaat et al., 2005; Ziv and Smith, 1996; Zuo et al., 2005).  It should be 
noted, however, that the percentage of filopodial spines that are stabilized by 
presynaptic contact is very low, and that most filopodia retract without having 
made a stable contact (Holtmaat et al., 2006; Lohmann and Bonhoeffer, 2008; 
Zuo et al., 2005).  Presynaptic neural input plays a key role during the 
stabilization of nascent filopodial contacts, which will be discussed further below. 
 While the filopodia model may be the most widely accepted model of 
dendritic spine formation, there are exceptions.  Notably, some cerebellar 
Purkinje cell dendritic spines are able to form in the absence of presynaptic 
axonal input.  Several lines of inquiry support this statement.  First, analysis of 
Weaver mutant mice in which granule cells, the presynaptic partners of most 
Purkinje cells, are absent, demonstrated that Purkinje cell dendrites form 
dendritic spines even in the absence of presynaptic axon terminals (Hirano and 
Dembitzer, 1973; Landis and Reese, 1977; Rakic and Sidman, 1973; Sotelo, 
1975).  In addition, analysis of Reeler mutant mice in which the migration of 
neuronal precursors in the cerebellum is grossly perturbed demonstrated that 
ectopic Purkinje cells that develop in the absence of granule cells are able to 
form morphologically normal dendritic spines (Mariani et al., 1977).  Further, 
selective ablation of cerebellar granule cells by X-irradiation of neonatal rats does 
not prevent Purkinje cells from developing dendritic spines (Sotelo, 1977).  
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Together, these studies formed the basis of the Sotelo model of spine formation, 
which postulates that spine formation is an intrinsic and cell-autonomous 
property of the neuron and can occur independently of presynaptic contact.  In 
stark contrast to Purkinje cells, striatal medium spiny neurons (MSNs) grown in 
vitro do not form dendritic spines unless they are co-cultured with excitatory 
cortical neurons, indicating that spine formation in these cells absolutely requires 
excitatory presynaptic input (Segal et al., 2003).  The difference between these 
two cell types supports the idea that there is considerable variability in the way 
that dendritic spines are formed throughout the brain. 
 
1.4 Dendritic spine formation and maintenance is altered in 
neuropathological states 
 
 An emerging theme from work examining the causes of both 
neurodegenerative and neurodevelopmental disorders is that the underlying 
pathophysiological mechanisms of these diseases is rooted in improper 
regulation of synapse formation or maintenance.  In the case of 
neurodevelopmental disorders, the pathology arises from improper establishment 
of neural connectivity.  Interestingly, dendritic spine formation is impaired in a 
number of neuropathologies, suggesting that the regulation of dendritic spine 
formation or maintenance may contribute to the aberrant neural connectivity in 
these diseases.    
 Early studies examining post-mortem brain tissue of humans that suffered 
from various forms of mental retardation revealed reduced dendritic spine density 
and abnormal morphology of dendritic spines in the cortex (Huttenlocher, 1970, 
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1974; Purpura, 1974, 1975).  In contrast, a recent study examining brain tissue 
from humans with autism spectrum disorder (ASD) indicated that dendritic spine 
density increased in cortical pyramidal neurons (Hutsler and Zhang, 2010).  
Interestingly, autism is thought to arise from a pathological increase in local 
connectivity within the cortex, which would be consistent with increases in 
dendritic spine density.  Two diseases that are often comorbid with autism, 
Angelman's syndrome and Fragile-X syndrome, also display dendritic spine 
abnormalities.  Angleman syndrome is a genetic disorder caused by maternal 
deletion or mutation of UBE3A, a gene that encodes for an E3 ubiquitin ligase 
(Mabb et al., 2011).  Hippocampal and cortical pyramidal neuronal dendritic spine 
densities are decreased in mouse models for Angleman syndrome (Dindot et al., 
2008; Yashiro et al., 2009).  Fragile-X syndrome is caused by reduced 
expression the RNA-binding protein Fragile-X mental retardation protein (FRMP) 
due to transcriptional silencing of the Fmr1 gene (He and Portera-Cailliau, 2012).  
Analysis of both human postmortem tissue and brains of mice lacking FMRP1 
indicates that dendritic spine densities are increased in Fragile-X, but that there 
is an overabundance of long, immature dendritic spines (Antar et al., 2006; Irwin 
et al., 2001; Nimchinsky et al., 2001). 
 Premature loss of dendritic spines may be a contributing factor during 
neurodegenerative diseases.  Schizophrenia is a heterogeneous cognitive 
disorder that emerges in late adolescence and young adulthood, and is 
characterized by pathological loss of gray matter in the brain.  Studies examining 
postmortem tissue from Schizophrenic individuals revealed that reduced dendritic 
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arbors and loss of spines is a major component of the reduction in gray matter.  
Notably, these studies revealed that spine density is specifically reduced in the 
cortex and hippocampus (Glantz and Lewis, 2000; Kolluri et al., 2005; Kolomeets 
et al., 2005; Sweet et al., 2009). 
 Loss of grey matter and reductions in overall brain mass are also 
associated with Alzheimer’s disease (AD).  Research dedicated toward 
understanding the mechanistic causes of AD suggests that impairments in 
synaptic connectivity precede the massive degeneration of tissue throughout the 
brain.  Analysis of human postmortem tissue from AD patients indicates that 
dendritic spine density is reduced in both the hippocampus and cortex 
(Baloyannis et al., 1992; Einstein et al., 1994; Ferrer et al., 1990; Probst et al., 
1983).  Further, analysis of several different mouse models of AD that display 
age related increases in amyloid plaques similar to human AD indicates that 
dendritic spine density is reduced in the hippocampus and cortex (Alpar et al., 
2006; Grutzendler et al., 2002; Spires et al., 2005).  An additional study that 
analyzed spine formation in a temporal manner revealed that spines form 
normally in an AD mouse model, but that there is an increased amount of ectopic 
spine elimination, suggesting that dendritic spine contacts are destabilized during 
AD (Spires-Jones et al., 2007).  Interestingly, dysregulation of Wnt signaling is 
suggested to mediate synapse stability during the progression of AD (Purro et al., 
2012), which I will discuss further in subsequent chapters. 
 
 
 
 13 
1.5 Increased neural activity promotes dendritic spine stability and 
maturation 
 
 The previously mentioned study demonstrating that dendritic spines on 
striatal MSNs do not form in the absence of excitatory input (Segal et al., 2003) 
highlights the important role of neural activity during spine formation.  Several 
studies demonstrated that synaptic activation and induction of long-term 
potentiation (LTP), a long-lasting form of synaptic plasticity that increases 
synaptic strength, triggers the growth of dendritic filopodia and the formation of 
new spines (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni et 
al., 1999; Yuste and Bonhoeffer, 2001).  More recent studies have begun to 
elucidate the mechanisms underlying neural activity-mediated induction of 
dendritic spine formation.  Notably, the intracellular kinase CaMKII is required for 
LTP-induced dendritic spine formation (Jourdain et al., 2003).  Additionally, the 
actin binding protein neurabin-1 promotes dendritic filopodial formation through 
its ability to bundle f-actin, a major component of dendritic spines (Terry-Lorenzo 
et al., 2005).   
 There is accumulating evidence that neural activity is also critical for the 
stabilization and subsequent maturation of dendritic spine synapses in a process 
that is independent of the initiation of filopodial growth.  Several studies utilizing 
EM to identify morphologically mature synapses within newly formed dendritic 
spines indicate that spine growth precedes synapse formation (Arellano et al., 
2007; De Roo et al., 2008; Knott et al., 2006).  Additionally, as previously 
discussed, detailed time-course analysis of dendritic spine formation combined 
with electrophysiological recording of individually stimulated spines revealed that 
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nascent spines acquire the ability to transmit glutamate-dependent signals soon 
after being formed (Zito et al., 2009).  Together, these studies indicate that a 
dendritic spine is not able to respond to excitatory neural input until just after it is 
formed, and suggest that neural activity may promote the subsequent 
stabilization and maturation of a dendritic spine.  Indeed, the enlargement of the 
stabilized and maturing spine head shows similarities with the spine growth 
associated with the induction of LTP at pre-existing dendritic spines (De Roo et 
al., 2008; Ehrlich et al., 2007; Harvey and Svoboda, 2007; Kopec et al., 2007; 
Matsuzaki et al., 2004). 
 Precisely how neural activity promotes stabilization of dendritic spine 
contacts and subsequent growth of the dendritic spine head is unclear, but recent 
studies indicate that activity-mediated regulation of actin dynamics may play a 
key role.  In cultured hippocampal neurons, glutamate signaling through N-
methyl-D-aspartate receptors (NMDARs), a specific subtype of ionotropic 
glutamate receptor, targets the actin binding protein profilin to dendritic spines 
where it promotes spine growth (Ackermann and Matus, 2003).  Additionally, 
induction of LTP in hippocampal neurons leads to increased actin polymerization 
within dendritic spines and an increase in the size of spine heads (Okamoto et 
al., 2004).  This increase in spine head growth is followed by a further increase in 
glutamate receptor currents, suggesting that larger spines transmit stronger 
synaptic signals (Matsuzaki et al., 2004).  Increases in glutamate receptor 
currents are likely due to addition of glutamate receptors to the postsynaptic 
dendritic spine surface (Malinow and Malenka, 2002).  Further, several studies 
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demonstrated that inhibition of actin polymerization impairs the induction of LTP 
(Fukazawa et al., 2003; Kim and Lisman, 1999; Krucker et al., 2000; 
Ramachandran and Frey, 2009).  Together, these studies highlight the crucial 
role of neural activity in promoting the maturation of dendritic spines. 
 Despite the large body of evidence indicating that neural activity promotes 
dendritic spine formation, some studies examining dendritic spine formation in 
hippocampal and cortical pyramidal neurons indicate that neural activity is not 
strictly required for synapse and dendritic spine formation.  Deletion of munc-13 
or munc-18, two genes that are required for synaptic vesicle exocytosis and 
neurotransmitter release, completely abolishes electrical activity in the 
developing brain, yet seemingly morphologically complete synapses are able to 
form in these mice (Varoqueaux et al., 2002; Verhage et al., 2000).  Although 
munc-13 knockout mice die at birth, hippocampal neurons from these mice 
grown for 21 days in vitro (DIV) appear to be able to form dendritic spines 
(Varoqueaux et al., 2002), suggesting that neural activity is not required for the 
initial formation of dendritic spines.  However, the authors in this study did not 
perform a detailed morphological analysis of the dendritic spines on these 
neurons, so it is possible that theses spines may have initially formed but did not 
fully mature.  
 
1.6 Decreased neural activity leads to dendritic spine shrinkage and loss 
 Dendritic spines are additionally capable of undergoing specific 
morphological changes associated with decreased synaptic strength.  Long-term 
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depression (LTD) is a form of long-lasting synaptic plasticity characterized by a 
reduction in synaptic strength (Collingridge et al., 2010).  LTD is important for a 
variety of physiological functions including hippocampal dependent learning and 
memory (Brigman et al., 2010; Nicholls et al., 2008; Zeng et al., 2001) and 
development of the visual cortex (Bear et al., 1987; Crozier et al., 2007; Heynen 
et al., 2003). 
 Dendritic spine structure is influenced by the induction of LTD.  LTD 
induction of hippocampal slices using low frequency stimulation results in a 
reduction of dendritic spine volume in a Ca2+-dependent manner (Zhou et al., 
2004).  Additionally, hippocampal LTD increases the rate of dendritic spine 
retraction (Nagerl et al., 2004).  Further, hippocampal spine retraction induced by 
LTD is associated with a reduction in pre- and postsynaptic contacts, indicating 
that regulation of dendritic spines by LTD can affect overall neural connectivity 
(Bastrikova et al., 2008).  Combined, these studies further support the 
importance of neural activity in regulating dendritic spine formation.  Additionally, 
the studies examining the effects of LTP and LTD suggest that the neural 
activity-induced alterations in dendritic spine structure may represent a structural 
mechanism by which changes in neural input affect the activity of the 
postsynaptic neuron. 
 
1.7 BDNF is a widely expressed member of the neurotrophin family 
 The neurotrophins, consisting of nerve growth factor (NGF), Brain-derived 
neurotrophic factor (BDNF), neurotrophic factor-3 (NT-3) and neurotrophic factor-
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4/5 (NT-4/5), are a family of secreted signaling proteins that convey critical 
signals during neural development and during the maintenance of the adult 
nervous system (Bibel and Barde, 2000; Huang and Reichardt, 2001).  Individual 
neurotrophins signal by acting on specific members of the Trk family of 
transmembrane tyrosine kinase receptors:  NGF activates TrkA, BDNF and NT-
4/5 activate TrkB, NT-3 activates TrkC and also TrkA and TrkB in some cellular 
contexts (Patapoutian et al., 1999).  Additionally, the neurotrophins can also 
signal via p75NTR, a member of the tumor necrosis factor receptor (TNFR) family 
(Kaplan and Miller, 2000; Reichardt, 2006). 
 BDNF is the most abundant neurotrophin in the adult neocortex and 
hippocampus (Maisonpierre et al., 1990) and was first identified as a factor that 
allowed survival of neurons that were unresponsive to NGF (Barde et al., 1982).  
Subsequent work implicates BDNF in a plethora of brain functions, including, but 
not limited to, cell migration, neurite growth, synaptic transmission and 
potentiation, synapse formation and dendritic spine formation.   BDNF is 
expressed throughout the brain during development and into adulthood.  BDNF 
mRNA is found in the cortex, hippocampus, thalamus, cerebellum, ventral 
midbrain and other areas (Conner et al., 1997; Nawa et al., 1995).  Of these, the 
cortex and hippocampus express the highest levels of BDNF within the CNS.  To 
a large extent, expression of the bdnf gene is responsive to neural activity-
mediated regulation of Ca2+-dependent signaling cascades (Shieh and Ghosh, 
1999; Tabuchi et al., 2002; Tao et al., 2002).  Indeed, reduction of neural activity 
in the visual cortex by continuous visual deprivation causes reduced BDNF 
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mRNA levels (Capsoni et al., 1999).  Shorter periods of visual deprivation cause 
an increase in the amount BDNF mRNA, but a decrease in the total amount and 
dendritic localization of BDNF protein (Tropea et al., 2001).  Further, short 
exposure to light following visual deprivation is sufficient to restore BDNF protein 
levels (Tropea et al., 2001). 
 
1.8 BDNF production and secretion 
 BDNF, like all neurotrophins, is synthesized as a pre-proBDNF precursor 
that undergoes post-translational modifications within the ER and Golgi prior to 
secretion.  ProBDNF is cleaved and converted into mature BDNF by 
endoprotease-mediated cleavage in the trans-Golgi or by proprotein convertases 
within immature secretory granules (Mowla et al., 1999).  More recent studies 
demonstrated that uncleaved proBDNF is secreted from neurons and is 
converted to mature BDNF by extracellular proteases including plasmin and 
membrane matrix metalloproteinases (Lessmann and Brigadski, 2009).  Indeed, 
some studies suggest that the primary form of BDNF secreted from cultured 
neurons is actually proBDNF (Chen et al., 2003; Mowla et al., 1999).  
Importantly, extracellular cleavage of proBDNF by plasmin plays a key role 
during hippocampal LTP (Pang et al., 2004).   
 BDNF protein is secreted through a variety of different pathways in both a 
constitutive and activity-dependent manner (Mowla et al., 1999).  The majority of 
BDNF release is activity-dependent.  Interestingly, the valine66-methionine single 
nucleotide polymorphism located within the pro domain of proBDNF increases 
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the proportion of BDNF release that is constitutive (Egan et al., 2003).  In 
addition, BDNF is released from multiple neuronal compartments.  BDNF 
produced in the cell body is delivered to presynaptic axon terminals in secretory 
vesicles by anterograde transport (Adachi et al., 2005; Fawcett et al., 1998; 
Kohara et al., 2001).  A recent study suggests that, within the hippocampus, 
most, if not all, BDNF is secreted in an anterograde manner from axons (Dieni et 
al., 2012).  However, overexpression of epitope-tagged BDNF suggests that 
BDNF is also transported in a retrograde manner into dendrites for postsynaptic 
release (Adachi et al., 2005; Brigadski et al., 2005; Goodman et al., 1996; 
Hartmann et al., 2001; Haubensak et al., 1998; Kohara et al., 2001).  Further 
support for retrograde BDNF release comes from studies demonstrating that 
BDNF mRNA is also trafficked to portions of the dendritic arbor, thus allowing for 
localized translation of BDNF protein near sites of synaptic activation within 
dendrites (An et al., 2008; Bramham and Wells, 2007; Tongiorgi et al., 1997).  
Recent evidence indicates that the dendritic transport of BDNF mRNA may be 
dependent on a dendritic targeting signal located in the long 3’UTR of BDNF 
produced by alternative splicing (An et al., 2008).   
 
1.9 BDNF signals through the receptor TrkB 
 BDNF is a secreted signaling protein and signals through the receptor 
TrkB, a receptor tyrosine kinase.  Although BDNF, and specifically its 
unprocessed precursor proBDNF, also signals through the p75NTR receptor, I will 
focus on signaling mediated by TrkB.  BDNF binds the TrkB receptor as a dimer 
 20 
and induces subsequent dimerization of TrkB and autophosphorylation of 
conserved tyrosine residues in the TrkB intracellular domain (McCarty and 
Feinstein, 1998).  Following activation of TrkB, several different signaling 
cascades can be activated, depending on the cellular context.  BDNF signaling 
through TrkB activates three main signaling cascades:  Ras-stimulated activation 
of mitogen-activated protein (MAP) kinase cascades, phosphatidyl inositol-3 
(PI3) kinase-mediated activation of Akt, and phospholipase C (PLC)-γ-1-
dependent regulation of calcium signaling cascades through generation of 
inositol triphosphate (IP3) and diacylglycerol (DAG) (Cunha et al., 2010; Huang 
and Reichardt, 2001).  A general schematic of BDNF signaling (through both 
TrkB and p75NTR is shown in Figure 1.4. 
 
 
Figure 1.4.  Signaling cascades initiated by BDNF signaling through either TrkB 
or p75NTR.  Image taken without permission from Cunha et al. (2010). 
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 Similar to BDNF, TrkB is widely expressed throughout the brain.  TrkB 
mRNA and protein can be found in the cortex, hippocampus, striatum, 
cerebellum and brain stem (Carvalho et al., 2008).  TrkB receptors are localized 
to both pre- and postsynaptic compartments and are present in approximately 
one-third of glutamatergic synapses (Pereira et al., 2006).  Interestingly, most 
surface localization of TrkB protein in excitatory neurons is restricted to dendritic 
spines (Drake et al., 1999; Pereira et al., 2006), suggesting that the majority of 
BDNF/TrkB signaling occurs at sites of synaptic contact. 
 
1.10 BDNF promotes synaptic potentiation 
 An increasing portion of research examining the function of BDNF in the 
CNS is focused on the ability of BDNF to potentiate excitatory synapse function.  
BDNF modulates the formation and function of inhibitory synapses as well 
(Baldelli et al., 2005; Frerking et al., 1998; Hong et al., 2008; Matsumoto et al., 
2006; Ohba et al., 2005).  However, I will focus on the role of BDNF at excitatory 
synapses in this thesis.  It should be noted that cortical neurons form inhibitory 
synapses, and this process may be regulated by BDNF.  Early studies examining 
a role for BDNF at excitatory synapses demonstrated that BDNF treatment of 
hippocampal neurons was sufficient to increase excitatory transmission in a 
TrkB-dependent manner (Kang and Schuman, 1995; Messaoudi et al., 1998).  
Subsequent studies determined that BDNF regulates excitatory transmission in 
multiple fashions.  BDNF stimulates Ca2+-dependent release of glutamate from 
hippocampal and cortical nerve terminals (Canas et al., 2004; Jovanovic et al., 
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2000; Pereira et al., 2006; Sala et al., 1998).  Additionally, BDNF increases the 
expression and surface localization of both types of ionotropic glutamate 
receptors, AMPA receptors (Caldeira et al., 2007a; Nakata and Nakamura, 2007) 
and NMDA receptors (Caldeira et al., 2007b).  BDNF also increases the 
expression of glutamate receptor-interacting proteins, which ultimately may lead 
to increased surface localization of these receptors (Jourdi et al., 2003). 
 
1.11 BDNF regulates the induction of LTP 
 As mentioned previously, LTP is a unique form of synaptic potentiation 
that is long lasting and is thought to be the cellular mechanism underlying 
learning and memory.  The role of BDNF during induction of LTP is well 
documented.  Hippocampal LTP is impaired in reduced BDNF or TrkB-knockout 
mice (Chen et al., 1999; Korte et al., 1995; Minichiello et al., 1999; Patterson et 
al., 1996; Xu et al., 2000a).  Importantly, the impairment of LTP in BDNF-
knockout mice is rescued by acute application of BDNF (Figurov et al., 1996; 
Patterson et al., 1996; Pozzo-Miller et al., 1999).  BDNF mediates LTP induction 
both pre and postsynaptically.  Presynaptically, BDNF enhances early stages of 
LTP by enabling sustained glutamate release during bursts of increased neural 
activity (Gottschalk et al., 1998; Jovanovic et al., 2000; Pozzo-Miller et al., 1999; 
Tyler and Pozzo-Miller, 2001; Xu et al., 2000a).  BDNF also contributes to LTP 
induction in a postsynaptic manner, but the mechanisms are unclear.  The 
previously mentioned roles for BDNF in regulating the trafficking of glutamate 
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receptors to the synaptic surface may mediate the postsynaptic effect of BDNF 
during LTP, but this has yet to be directly demonstrated.  
 Interestingly, BDNF may promote LTP, and synaptic potentiation 
generally, by regulating local translation of proteins in postsynaptic dendritic 
compartments.  BDNF-induced potentiation in the hippocampus requires cell 
body-independent protein translation (Kang and Schuman, 1995).  Additionally, 
BDNF stimulates protein synthesis of a dendritically targeted translational 
reporter in mechanically isolated dendrites (Aakalu et al., 2001).  BDNF-
dependent stimulation of local protein translation may be mediated in part by 
increased expression and activation of eukaryotic initiation factor-4E (eIF4E), a 
key translation factor (Kanhema et al., 2006).  It is also likely that BDNF 
stimulates dendritic translation by activating the mTOR pathway, as rapamycin 
treatment blocks BDNF-induced translation of activity-regulated cytoskeleton-
associated (Arc) protein and CaMKII in synaptoneurosomes (Takei et al., 2004). 
 
1.12 Alterations in BDNF expression affect dendritic spine formation 
 A growing body of literature indicates that BDNF signaling through TrkB 
specifically regulates the formation and maintenance of dendritic spines in 
several regions of the mammalian brain.  TrkB receptors are localized to 
postsynaptic densities in the cortex and hippocampus (Wu et al., 1996).  Further, 
TrkB receptors are trafficked in both axons and dendrites in cultured cortical 
neurons and are enriched on the surface of glutamatergic synapses (Gomes et 
al., 2006).  Chronic (2-week) treatment of cultured cerebellar Purkinje cells with 
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recombinant BDNF increases dendritic spine density (Shimada et al., 1998).  
Additionally, treatment of hippocampal slices with recombinant BDNF increases 
dendritic spine density and promotes the formation of mature spine types (Alonso 
et al., 2004; Tyler and Pozzo-Miller, 2003).  Together, these studies suggest that 
BDNF/TrkB signaling is sufficient to increase dendritic spine formation.   
 Several strategies have been used to determine a requirement for 
BDNF/TrkB signaling during dendritic spine formation.  Elimination of BDNF 
expression using Cre-mediated recombination in the entire CNS results in a 95% 
reduction of BDNF protein levels in the brain and causes a reduction of dendritic 
spine density in the striatum and defects in spine maturation in hippocampal CA1 
neurons (Rauskolb et al., 2010).  Experiments using a more focused strategy of 
conditionally eliminating BDNF expression in the mouse forebrain demonstrated 
that BDNF is required both for the formation (Zeiler et al., unpublished) and 
maintenance (Vigers et al., 2012) of cortical dendritic spines.  Additionally, striatal 
dendritic spine formation is also reduced in these mice (Baquet et al., 2004), 
which is particularly interesting because the striatum does not express BDNF on 
its own and is, instead, dependent on BDNF secreted from cortical neuronal 
axons innervating the striatum, suggesting that anterograde BDNF signaling 
regulates spine formation.  Cell-autonomous inhibition of TrkB signaling by 
expression of a truncated form of TrkB in visual cortical neurons reduced 
dendritic spine density and also resulted in an increased proportion of immature 
spine types (Chakravarthy et al., 2006).  Interestingly, dendritic spines on 
hippocampal CA1 neurons were unaffected in this mouse (Chakravarthy et al., 
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2006).  In contrast, TrkB deletion in pre and postsynaptic neurons in the 
hippocampus reduced dendritic spine density (Luikart et al., 2005).  Additionally, 
aged mice that are heterozygous for TrkB display reductions in dendritic spine 
density and increases in dendritic spine length in CA1 (von Bohlen und Halbach 
et al., 2008).  Together, these studies indicate that BDNF/TrkB signaling is 
required for dendritic spine formation in several brain regions, but additionally 
that these regions may have different directional requirements for BDNF/TrkB 
signaling. 
 
1.13 Mechanisms of BDNF-induced dendritic spine formation 
 While it is clear that BDNF is a potent modulator of synapse and dendritic 
spine function, a precise means by which BDNF regulates this process is 
unclear.  Only recently has work elucidated some of the mechanisms governing 
BDNF-induced dendritic spine formation.  Recombinant BDNF treatment of 
hippocampal slices increases dendritic spine density by activating the ERK-
signaling pathway (Alonso et al., 2004).  BDNF treatment of hippocampal slices 
also induces a slowly activating and long lasting inward cationic current mediated 
by transient receptor potential canonical-3 (TRPC3) voltage-gated calcium 
channels, which is required for dendritic spine formation (Amaral and Pozzo-
Miller, 2007).  Further, BDNF promotes the surface localization of TRPC3 
channels through activation of PI3K (Amaral and Pozzo-Miller, 2007).  BDNF 
also increases the expression and synaptic localization of PSD95 (Yoshii and 
Constantine-Paton, 2007).  Importantly, increases in PSD95 expression are 
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sufficient to induce dendritic spine formation in hippocampal neurons (El-
Husseini et al., 2000) while PSD95 knockdown causes defects in spine 
maturation (Ehrlich et al., 2007).  Lastly, BDNF increases the expression of 
Ryanodine receptors (RyRs) in hippocampal neurons, and BDNF-induced 
dendritic spine formation in these neurons requires expression of RyRs (Adasme 
et al., 2011).  Together, these studies highlight the wide variety of means by 
which BDNF is known to regulate dendritic spines.  However, the relative lack of 
mechanistic understanding of how BDNF regulates dendritic spines emphasizes 
a need for further research in this area.  Additionally, studies examining the 
molecular mechanisms of BDNF-induced dendritic spine formation have focused 
primarily on the hippocampus.  While cortical and hippocampal excitatory 
neurons are similar in many ways, it is possible that dendritic spine formation in 
these two brain regions is differentially regulated by BDNF, thus necessitating the 
study of cortex-specific spine formation.  
 
 
1.15 Specific Aims 
 The goal of this thesis is to summarize the work that I performed in order 
to characterize the requirement for Wnt signaling in the growth and development 
of cortical neuron connectivity.  The main hypothesis of my project is that Wnt 
signaling is required during BDNF-induced dendritic spine formation.  The 
experimental results presented in this thesis pertained to three specific 
objectives.  First, using several different strategies to inhibit Wnt signaling, I 
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determined the role of Wnt signaling during cortical neuron dendrite growth and 
dendritic spine formation.  Second, by combining these Wnt inhibition strategies 
with a BDNF-overexpression paradigm, I determined whether Wnt signaling is 
required for BDNF-induced cortical neuron dendrite growth and dendritic spine 
formation.  Third, I examined the function of two individual Wnt proteins in order 
to determine if they may mediate the effects of BDNF during cortical dendritic 
spine formation.    
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CHAPTER 2:  Examining the requirement for Wnt signaling during cortical 
dendrite growth and BDNF-induced dendritic spine formation 
 
2.1.  INTRODUCTION 
2.1.1 Wnts were discovered as key regulators of development 
 Wnt proteins are one of the major families of biologically important 
signaling molecules and regulate several fundamental processes in both 
invertebrate and vertebrate development.  The founding members of the Wnt 
gene family were identified independently in mice and Drosophila.  The first 
mouse Wnt gene, initially termed int-1, was discovered as a proto-oncogene 
activated by integration of mouse mammary tumor virus in mammary tumors 
(Nusse and Varmus, 1982; van Ooyen and Nusse, 1984).  In Drosophila, 
wingless (wg) was identified as a segment polarity gene required for wing 
development (Baker, 1987; Sharma and Chopra, 1976).  Work demonstrating 
that wg and int-1 encoded homologous secreted glycoproteins led to the 
derivation of the name “Wnt” as a combination of “wingless” and “int-1” (Cabrera 
et al., 1987; Rijsewijk et al., 1987). 
 Early phenotypic analysis identified Wnt genes as important 
developmental regulators.  Work in Drosophila identified a variety of 
requirements for wg during embryonic development (Klingensmith and Nusse, 
1994).  In mice, int-1/Wnt1 gene disruption led to pronounced neural 
developmental defects (McMahon and Bradley, 1990; Thomas and Capecchi, 
1990).  Additionally, ectopic expression of Wnt1 in Xenopus led to duplication of 
the embryonic axis and promoted the formation of two-headed tadpoles 
(McMahon and Moon, 1989).  Further, disruption of several Wnt genes in mice 
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resulted in an array of developmental phenotypes (Cadigan and Nusse, 1997).  
Overall, the past two decades of work examining Wnts in several organisms 
indicates that Wnt signaling is critical in a wide variety of developmental 
processes such as axis patterning, cell fate specification and cell proliferation 
(Cadigan and Nusse, 1997; Logan and Nusse, 2004; Wodarz and Nusse, 1998). 
 The initial indication of the importance of Wnt genes in embryonic 
development led to a subsequent search for Wnt homologs throughout 
eukaryotic organisms.  To date, more than 100 Wnt genes have been identified 
in several organisms, including C. elegans, Drosophila, Zebrafish, Chicken, 
Xenopus, Mouse and Humans.  Notably, Wnt genes are present in Cnidarians, 
an ancient metazoan phylum, indicating that Wnts are conserved throughout 
metazoan evolution (Croce and McClay, 2008).  There are 19 different 
mammalian Wnt proteins, reflecting the diverse array of functions regulated by 
Wnt signaling.    
 
2.1.2 Wnts signal through multiple signaling mechanisms 
 Early experiments in Drosophila utilizing forward genetic screens, genetic 
epistasis experiments and other techniques were instrumental in identifying some 
of the core Wnt signaling transduction components (van Amerongen and Nusse, 
2009).  Chief among these components is the seven-pass transmembrane 
protein Frizzled (Fzd).  Binding of Wnts to the extracellular cysteine-rich domain 
of Fzd receptors is the initial step in Wnt signal transduction (Bhanot et al., 1996).  
There are 10 different mammalian Fzd proteins.  Subsequent work demonstrated 
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that members of the lipoprotein receptor-related protein (LRP) family of single-
pass transmembrane proteins are also required for Wnt signal transduction, 
indicating that Fzd and LRP function as co-receptors for Wnt proteins (Tamai et 
al., 2000; Wehrli et al., 2000). 
 
Figure 2.1.  Schematic illustration of the various Wnt signaling cascades 
including both ß-catenin-dependent and ß-catenin-independent pathways.  
Image taken without permission from Freese et al. (2010). 
 
 Binding of Wnts to their receptors activates a number of intracellular 
signaling cascades (Fig. 2.1).  The first and most characterized signaling 
cascade is the “Canonical” Wnt pathway, in which binding of Wnts to the Fzd-
LRP receptor complex activates Dishevelled (Dvl), which in turn promotes the 
stabilization of ß-catenin by inhibiting the activity of a “destruction complex” 
consisting of Axin, Adenomatous Polyposis Coli (APC), Glycogen Synthase 
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Kinase-3ß (GSK-3ß) and Casein Kinase I (CKI) (Freese et al., 2010; Huang and 
He, 2008).  In the absence of a Wnt signal, the destruction complex 
phosphorylates ß-catenin, which is then targeted for proteasome-dependent 
degradation.  Wnt-mediated inhibition of the destruction complex results in 
elevation of cytoplasmic ß-catenin levels, leading to its translocation to the 
nucleus where it regulates transcription of Wnt target genes via association with 
the TCF/LEF family of transcription factors. 
 In addition to the canonical Wnt pathway, two other Wnt signaling 
pathways have been elucidated that utilize many of the same signaling 
components.  The “non-canonical” Wnt signaling pathways signal independently 
of ß-catenin and are known as the planar cell polarity (PCP) pathway and the 
Wnt-calcium (Wnt-Ca2+) pathway.  The Wnt-PCP pathway involves small 
GTPase-mediated activation of c-Jun-terminal kinase (JNK) by Dvl, and results in 
changes in cytoskeleton dynamics (Wang and Nathans, 2007).  The Wnt-Ca2+ 
pathway involves Dvl-mediated activation of phospholipase C (PLC), which then 
results in an increase in intracellular Ca2+ levels and subsequent activation of 
protein kinase C (PKC), Ca2+/calmodulin-dependent protein kinase II (CaMKII) 
and calmodulin (Kohn and Moon, 2005).  The Wnt-Ca2+ pathway regulates both 
the cytoskeleton and transcriptional events (Kohn and Moon, 2005).  Although 
the majority of work examining Wnt signaling has focused on events downstream 
of the Fzd receptor, Wnts can also initiate signaling cascades independently of 
the Fzd transmembrane receptors.  Recent work indicates that Wnts can also 
bind the tyrosine kinase receptors Derailed (Drl)/Ryk and Ror and activate 
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distinct signaling cascades downstream of those receptors (van Amerongen and 
Nusse, 2009). 
 Several secreted protein families antagonize and therefore modulate Wnt 
signaling.  These Wnt inhibitors can be separated into two major classes.  The 
first class of inhibitors acts by binding Wnt ligands, thus preventing them from 
interacting with their receptors and initiating signal transduction.  This class 
includes the secreted Frizzled-related proteins (SFRPs) and Wnt inhibitory 
proteins (WIFs).  The SFRPs are the largest family of Wnt inhibitors and bind to 
Wnt ligands through a cysteine-rich domain that is similar to those found in Fzd 
receptors (Bovolenta et al., 2008).  However, further work indicates that the 
SFRPs have additional functions independent of their ability to antagonize Wnt 
signaling.  SFRPs can directly bind and activate Fzd receptors and can interact 
with proteins unrelated to Wnt signaling (Bovolenta et al., 2008).  The WIF 
proteins antagonize Wnt signaling in a manner similar to the SFRPs by binding 
Wnt ligands, but do this through an n-terminal WIF domain (Malinauskas et al., 
2011).  Although the SFRPs and WIF proteins are typically characterized as 
antagonists of Wnt signaling, it is possible that the ligand binding capability of 
these types of proteins aid in establishing Wnt gradients (Tabata and Takei, 
2004).  A second distinct class of Wnt antagonists that includes the Dickkopf 
(Dkk) family of secreted proteins acts by disrupting the interaction between the 
Fzd receptor and the LRP co-receptor (MacDonald et al., 2009).  Dysregulation 
of both major classes of Wnt inhibitors is associated with a variety of human 
diseases (Bovolenta et al., 2008; MacDonald et al., 2009; Rubin et al., 2006). 
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2.1.3 Wnt signaling regulates the development of the mammalian nervous 
system 
 
 Research utilizing loss-of-function and gain-of-function assays 
demonstrated that Wnt signaling controls anterior-posterior axis formation and 
neural patterning during early vertebrate development (Takahashi and Liu, 2006).  
Specifically, Wnt signaling is critical for the development of the mammalian 
nervous system.  As previously mentioned, the initial studies examining the role 
of Wnt signaling in mice demonstrated that int-1/Wnt1 gene disruption led to 
pronounced but specific neural developmental defects.  Inactivation of the Wnt1 
gene by homologous recombination resulted in severe abnormalities in the 
development of the mesencephalon and the metencephalon, which includes the 
mid-brain and the cerebellum (McMahon and Bradley, 1990; Thomas and 
Capecchi, 1990).  More recent work demonstrated a specific requirement for Wnt 
signaling during the development of the mammalian forebrain, which includes the 
hippocampus and cortex.  In Wnt3a mutant mice, the hippocampus fails to form, 
presumably due to reduced proliferation of a specific population of neural 
precursor cells (Lee et al., 2000).  Additionally, overexpression of a stabilized 
version of ß-catenin results in over proliferation of cortical neural precursor cells 
and an enlargement of the cortex (Chenn and Walsh, 2002), while elimination of 
ß-catenin expression in cortical neural precursor cells results in reduced cell 
proliferation and premature neural differentiation (Woodhead et al., 2006).  The 
requirement for Wnt signaling during neural precursor proliferation is maintained 
in the adult as disruption of Wnt signaling reduces adult neurogenesis in both the 
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subgranular zone of the hippocampus and the subventricular zone (Adachi et al., 
2007; Lie et al., 2005). 
 
2.1.4 Wnt signaling regulates the development of neural circuitry 
 Research using both invertebrate and vertebrate organisms implicates 
Wnt signaling as a crucial regulator of the development of neural circuitry.  
Extensive work indicates that Wnts regulate the growth, guidance and 
remodeling of neuronal axons and dendrites.  The first demonstration that Wnt 
signaling regulated axon guidance was accomplished in Drosophila by 
ubiquitously overexpressing DWnt5 (then DWnt3), which resulted in severe 
disruption of CNS commissural axon tracts (Fradkin et al., 1995).  Further work 
demonstrated that DWnt5 signals through the atypical Wnt receptor Derailed/Ryk 
to regulate this process (Yoshikawa et al., 2003). 
 Several studies in mice have identified clear roles for Wnt signaling in 
regulating axon growth and guidance in many regions of the mammalian nervous 
system.  Wnt3 expression in spinal cord motor neurons is proposed to regulate 
axon branching and axon growth cone size of innervating sensory neurons 
(Krylova et al., 2002).  In the developing spinal cord, Wnt4 signaling through 
Fzd3 functions as an attractive guidance cue for commissural axons after midline 
crossing (Lyuksyutova et al., 2003).  Additionally, targeted deletion of Fzd3 
results in a complete loss of several major axon tracts within the forebrain 
including the thamalmocortical, corticothalamic and nigrostriatal tracts, and of the 
anterior commissure and corpus callosum (Wang et al., 2002).  In the 
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cerebellum, Wnt7a promotes axon growth and branching by increasing 
microtubule dynamics, presumably by inhibiting GSK3ß-mediated 
phosphorylation of MAP-1B, a key microtubule stabilizing protein (Lucas et al., 
1998).   
 The role of Wnt5a during axon growth and guidance has been studied 
extensively.  Wnt5a expression in developing sympathetic neurons mediates 
Nerve Growth Factor-mediated axon branching (Bodmer et al., 2009).  Wnt5a 
promotes cortical axon growth by signaling through Ryk receptors and induces 
repulsive axon turning by signaling through both Fzd and Ryk receptors (Li et al., 
2009).  Both the axon growth and axon repulsive functions of Wnt5a are 
mediated by alterations in intracellular Ca2+ (Hutchins et al., 2011).  In addition, 
Wnt5a expression in the developing midbrain promotes dopaminergic axon 
growth and regulates the proper targeting of these axons through a non-
canonical Fzd-mediated signal (Blakely et al., 2011). 
 In addition to regulating axon growth, Wnt signaling regulates the 
development of neural circuitry in the mammalian brain by influencing the growth 
of dendrites.  Wnt7b is expressed in the mouse hippocampus and promotes 
dendrite branching and growth through a non-canonical signaling mechanism 
involving Dvl1-mediated activation of JNK signaling (Rosso et al., 2005).  Also in 
the hippocampus, Wnt2 mediates neural activity-induced dendrite branching and 
growth, though the mechanism underlying this process is unknown (Wayman et 
al., 2006). 
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2.1.5 Wnt signaling regulates neural connectivity by regulating synapse 
and dendritic spine formation 
 
 Research utilizing both invertebrate and vertebrate systems over the last 
decade indicates that one of the key roles for Wnt signaling in the developing and 
adult nervous system is to regulate the formation and function of neural 
synapses.  Although the majority of research demonstrates that Wnt signaling 
promotes synapse formation, accumulating evidence indicates that, in some 
cases, Wnt signaling can also inhibit synapse formation.  Together, this suggests 
that the actions of Wnts in synapse formation and maintenance are complex. 
 Studies of the Drosophila neuromuscular junction (NMJ), an invertebrate 
model of an excitatory glutamatergic synapse, have provided many insights into 
the roles of Wnt signaling during synapse formation.  Wg is expressed and 
secreted postsynaptically by motor neurons at the Drosophila NMJ.  Loss of Wg 
leads to impairments in pre- and postsynaptic assembly (Packard et al., 2003).  
Further research into the role of Wg at the Drosophila NMJ revealed that Wg acts 
to promote synapse formation through a unique mechanism involving the 
cleavage and nuclear translocation of the cytoplasmic tail of DFzd2 (Ataman et 
al., 2008; Mathew et al., 2005).  The Drosophila LRP6 co-receptor homolog 
Arrow is localized both pre- and postsynaptically at the NMJ, and arrow mutants 
display synaptic impairments similar to wg mutants, including fewer synaptic 
boutons that are smaller and have abnormal morphology (Miech et al., 2008).  
Expression of Arrow in either the presynaptic motor neuron or the postsynaptic 
muscle cell partially rescues these impairments, suggesting that this receptor 
functions at both sides of the NMJ (Miech et al., 2008).  Interestingly, the activity 
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of Arrow seems to be independent of ß-catenin, suggesting that Arrow 
participates in a divergent pathway related to canonical Wnt signaling in order to 
regulate synapse formation (Miech et al., 2008). 
 Wnt signaling also inhibits synapse formation at the Drosophila NMJ.  
DWnt4 expression in the M13 muscle cell prevents motor neurons from 
innervating M13 and forming synapses (Inaki et al., 2007).  Similarly, at the C. 
elegans NMJ, Wnt/Lin-44 signals through Frizzled/LIN-17 to inhibit DA9 motor 
neuron synapse formation onto dorsal muscle cells (Klassen and Shen, 2007). 
 A role for Wnt signaling in regulating NMJ synapse formation is conserved 
in vertebrates.  In zebrafish, Wnt11r binds and signals through MuSK, a receptor 
tyrosine kinase that also binds Agrin, in order to regulate the clustering of 
postsynaptic acetylcholine receptors (AChRs) (Jing et al., 2009).  Similarly, in the 
chick wing Wnt3 is expressed in the presynaptic motor neuron and promotes 
AChR clustering, while inhibition of Wnt signaling using Sfrp1 decreases AChR 
clustering (Henriquez et al., 2008).  Wnt3-induced AChR clustering requires Dvl, 
MuSK and Rac1 (Henriquez et al., 2008; Luo et al., 2002).  In contrast to the role 
of Wnt3, Wnt3a expression in cultured myotubes induces dispersal of AChR 
clusters, possibly by signaling in a ß-catenin dependent manner (Wang and Luo, 
2008). 
 In addition to regulating vertebrate peripheral synapses, Wnts are crucial 
regulators of synapse formation in the CNS.  The first demonstration that Wnt 
signaling regulates central synapse formation was done using cultured mouse 
cerebellar neurons and showed that Wnt7a induces presynaptic clustering of 
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Synapsin-1 (Lucas and Salinas, 1997).  Subsequent work in vivo demonstrated 
that Wnt7a signals in a retrograde manner to promote synapse formation 
between mossy fiber axons and granule cell dendrites at cerebellar glomerular 
rosettes (Hall et al., 2000), and that Wnt7a signaling activity requires Dvl1 
(Ahmad-Annuar et al., 2006). 
 Wnt signaling is also a key regulator of hippocampal synapse formation.  
Research thus far indicates that several Wnts promote hippocampal synapse 
formation through a variety of mechanisms.  Wnt3a signaling through Fzd1 in 
hippocampal neurons regulates presynaptic protein clustering and synaptic 
vesicle recycling (Varela-Nallar et al., 2009).  Wnt7a regulates presynaptic 
function in hippocampal neurons by inducing the clustering of nicotinic AChRs 
(nAChRs) through a mechanism involving APC, a component of the ß-catenin 
destruction complex (Farias et al., 2007).  Additionally, Wnt7a enhances 
excitatory neurotransmission by increasing the number of presynaptic vesicle 
release sites in a ß-catenin independent manner (Cerpa et al., 2008).  The 
activity of Wnt7a may be mediated by the receptor Fz5 (Sahores et al., 2010).  
Wnt7b also promotes synapse formation in hippocampal neurons by inducing 
assembly of the presynaptic protein VGlut1 (Davis et al., 2008). 
 Wnt5a also regulates hippocampal synapse formation, but its role is 
somewhat controversial.  In one study, exposure of hippocampal neurons to 
Wnt5a decreased the number of presynaptic puncta, suggesting that Wnt5a 
inhibits synapse formation (Davis et al., 2008).  However, in another study, 
Wnt5a increased synapse density in hippocampal neurons by signaling through 
 39 
the atypical Wnt receptors Ror1 and Ror2 to induce clustering of the presynaptic 
protein Synaptophysin (Paganoni et al., 2010).  Further, multiple studies 
demonstrated that Wnt5a promotes synapse formation by signaling at the 
postsynaptic specialization.  Wnt5a enhances excitatory synaptic transmission by 
signaling through JNK to induce the clustering of the postsynaptic protein PSD-
95 in hippocampal neurons (Farias et al., 2009; Varela-Nallar et al., 2010).  
Additionally, Wnt5a promotes the formation of inhibitory synapses by increasing 
the recycling of GABAA receptors, key mediators of fast synaptic inhibition 
(Cuitino et al., 2010).  Together, the work examining the function of Wnt5a 
illustrates the burgeoning complexity of synaptic Wnt signaling. 
 The ability of Wnt signaling to promote synapse formation may also play 
an important role during neurodegenerative diseases such as Alzheimer’s 
disease (AD).  Exposure of hippocampal neurons to a mixture of Amyloid-ß 
oligomers induces a rapid transcriptional upregulation of the Wnt inhibitor Dkk-1 
(Purro et al., 2012).  Further, treatment of hippocampal neurons with Dkk-1 
induces rapid but reversible synaptic disassembly, suggesting that dysregulation 
of Wnt signaling may play a causal role in the synaptic pathophysiology 
associated with AD (Purro et al., 2012). 
 Despite the growing appreciation for the role of Wnt signaling in regulating 
synapse formation, research examining the role of Wnt signaling during dendritic 
spine formation is only just beginning to emerge.  Notably, two individual Wnts, 
Wnt5a and Wnt7a, increase dendritic spine density in hippocampal neurons.  
Treatment of hippocampal neurons Wnt5a rapidly increases dendritic spine 
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formation, presumably due to the ability of Wnt5a to induce clustering of PSD-95 
(Farias et al., 2009).  Wnt7a increases dendritic spine density and maturation in 
hippocampal neurons through a mechanism that requires Dvl1 and CaMKII 
(Ciani et al., 2011).  Lastly, application of Fzd2CRD, a soluble version of the Wnt 
receptor Fzd2 that blocks Wnt signaling, decreases dendritic spine density in 
neurons (Varela-Nallar et al., 2010).  To date, no work has examined a role for 
Wnt signaling during dendritic spine formation in cortical neurons. 
 
2.1.6 Wnts are required for activity dependent neural growth and synapse 
formation 
 
 As previously mentioned, neural activity is a key regulator of both dendrite 
growth and synapse formation (See Chapter 1).  Interestingly, recent work 
indicates that Wnt signaling is a critical component of activity-induced neural 
growth and can mediate the effects of neural activity during dendrite growth and 
synapse formation.  ß-catenin, a downstream component of Wnt signaling, is not 
only required for activity-induced dendrite growth of hippocampal neurons (Yu 
and Malenka, 2003), but it is also re-localized into dendritic spines after neuronal 
depolarization where it then promotes the growth of hippocampal dendritic spines 
(Murase et al., 2002).  Wnt2 expression is increased by neural activity in 
hippocampal neurons and Wnt signaling is required for activity-induced dendrite 
growth in hippocampal neurons (Wayman et al., 2006).  Treatment of 
hippocampal slices with the Wnt inhibitor Fzd8CRD, a soluble version of the 
receptor Fzd8, blocks the induction of LTP (Chen et al., 2006).  Increased neural 
activity induced by exposing mice to an enriched environment (EE) increases 
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synapse size and strength in the hippocampus and stimulates the expression of 
Wnt7b (Gogolla et al., 2009).  Further, treatment with Sfrp1 blocks the EE-
induced increase in synapse size (Gogolla et al., 2009).  Finally, high frequency 
stimulation (HFS) of hippocampal slices induces surface localization of Fzd5, 
which in turn mediates Wnt7a induced increases in synapse formation (Sahores 
et al., 2010). 
 
2.2 EXPERIMENTAL METHODS 
2.2.1 Microarray Analysis of Emx-BDNFKO Mice 
 Conditional forebrain-specific BDNFKO mice were generated as previously 
described (Gorski et al., 2003).  Cortical (anterior and posterior), striatal and 
cerebellar tissue was harvested from 5 week-old (P35) mice.  Tissue from six 
mice of each BDNF genotype (Emx-BDNFKO, BDNF+/-, wild type) was used for 
analysis.  Total RNA was harvested using Qiazol reagent (Qiagen, Valencia, CA) 
according to manufacturer’s instruction.  Residual salts and proteins were 
removed from the total RNA using a Qiagen RNeasy kit (Qiagen) according to 
manufacturer’s instructions.  2µg of total RNA was used to synthesize 
biotinylated-cRNA using the Affymetrix single-cycle probe synthesis kit 
(Affymetrix, Santa Clara, CA) according to manufacturer’s instructions.  
Synthesized cRNA was then hybridized to Affymetrix MOE430A 2.0 arrays 
(Affymetrix) containing 22,690 probesets.  Affymetrix microarrays were analyzed 
using RMA, R version 2.3, and the Bioconductor packages affy and limma 
 42 
(http://www.bioconductor.org).  Differential gene expression was assessed 
relative to wild type using paired tests. 
 
2.2.2 Cortical Neuron Cultures 
 Cortices were dissected from postnatal day 0-1 CD1 mouse pups and 
incubated in papain (Worthington, Lakewood, NJ) for 45 minutes at room 
temperature.  The tissue was triturated to obtain a single-cell suspension, and 
the cells were plated into 12-well cell-culture dishes coated with poly-D-lysine 
(Sigma-Aldrich, St. Louis, MO) at a concentration of 2.5x106 cells/cm2.  Cells 
were grown initially in DMEM (Life Technologies Corporation, Carlsbad, CA) 
supplemented with 10% Fetal Bovine Serum (Atlanta Biologicals, Lawrenceville, 
GA) and Penicillin-Streptomycin (Life Technologies Corporation).  After 24 hours, 
the culture medium was changed to Neurobasal-A medium (Life Technologies 
Corporation) supplemented with B27 (Life Technologies Corporation), Glutamax 
(Life Technologies Corporation) and Penicillin-Streptomycin (Life Technologies 
Corporation).  The anti-mitotic drug 5-Fluorodeoxyuridine (Sigma-Aldrich) was 
added to the Neurobasal-A medium to prevent glial cell proliferation.  Cultures 
were maintained at 5% CO2 for 10 days in vitro (DIV) before beginning 
experimental procedures, with half of the medium changed on DIV9.  For all 
experiments, neuron cultures were fixed with HEPES-buffered (ThermoFisher 
Scientific, Waltham, MA) 4% paraformaldehyde (Sigma-Aldrich), 4% Sucrose 
(ThermoFisher Scientific) solution in PBS (pH 7.4).  After fixation, neuron cultures 
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were mounted in Fluoromount-G (Southern Biotech, Birmingham, AL) for 
subsequent imaging analysis. 
 
2.2.3 Neuron Transfection 
 Neuron cultures were transfected using Lipofectamine 2000 (Life 
Technologies Corporation) according to manufacturer’s instruction.  Briefly, 
plasmid DNA was prepared for transfection at a DNA (µg):Lipofectamine (µl) ratio 
of 1:3 in serum-free Neurobasal-A (Life Technologies Corporation).  1.5µg of total 
plasmid DNA was used per well of a 12-well cell-culture dish.  In all experiments, 
500ng of each individual plasmid was used for transfection.  Appropriate empty 
vector controls were added to ensure that the total amount of transfected DNA 
was 1.5µg.  Neurons were transfected for 2 hours, at which point the transfection 
medium was replaced with fresh culture medium.  Transfection efficiency was 
approximately 5-10% using this method. 
 
2.2.4 Expression Plasmids 
pCMV-BDNF was constructed by inserting the ORF for murine BDNF into 
the pEGFP-N1 backbone (Clontech, Mountain View, CA).  pCS2+-Sfrp1 
(Addgene plasmid 16693, Cambridge, MA) expresses murine Sfrp1 pRK5-
mFzd8CRD-IgG. (Addgene plasmid 16689) expresses a fusion protein consisting 
of the extracellular domain of the murine Frizzled-8 protein fused with the human 
immunoglobulin heavy chain (Semenov et al., 2001).  pCS2+-mDvl1ΔPDZ-HA 
expresses a C-terminally HA tagged murine Dishevelled-1 with a deletion of 
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amino acids 276-336 (Rosso et al., 2005).  pEGFP-N1 was used to express 
cytoplasmic GFP.  pTRE-tight-BDNF was constructed by inserting the murine 
BDNF ORF from pCMV-BDNF into the pTRE-tight backbone (Clontech).  pTRE-
tight-EGFP was constructed by inserting the coding sequence for EGFP from 
pEGFP-N1 into the pTRE-tight backbone.  pTRE-tight-BDNF and pTRE-tight-
EGFP were co-transfected with pCMV-rtTA, which was constructed by inserting 
the coding sequence for the Reverse-Tet-Transactivator protein into the pEGFP-
N1 backbone.  BDNF expression was induced from pTRE-tight-BDNF by adding 
1 µg/ml doxycycline (BD Biosciences, San Diego, CA) to the culture medium.  
pTRE-tight-EGFP was used to express cytoplasmic GFP in order to visualize the 
architecture of transfected neurons and to control for tetracycline-mediated 
activation of transcription. 
 
2.2.5 Image Acquisition and Analysis 
Dendritic protrusion and primary dendrite images were collected using 
Metamorph software (Molecular Devices, Downington, PA) and a Nikon Eclipse 
TE2000-U microscope (Nikon, Melville, NY) fitted with a spinning disk confocal 
system (Solamere Technology Group, Salt Lake City, UT) and a Cascade II 16-
bit EMCCD camera (Photometrics, Tucson, AZ).  Dendritic arbor images were 
collected using Zen software (Carl Zeiss, Germany) and a Zeiss LSM 510 Meta 
confocal system (Carl Zeiss, Germany).   
To quantify dendritic protrusion density and length, 8-10 neurons per 
coverslip from a total of 3-4 coverslips per treatment were imaged using a 
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1.40NA 100X objective (Nikon).  Neurons that had a pyramidal-shaped cell body 
and a clear apical dendrite were chosen for analysis.  5 dendritic segments (3 
apical segments and 2 basal segments) per neuron were imaged in 0.2µm Z-
steps.  Z-stacks were then loaded into ImageJ (National Institutes of Health, 
http://rsb.info.nih.gov/ij) for analysis.  Dendritic spine density was measured 
using uncompressed Z-stacks.  All dendritic protrusions less than 5 µm in length 
were counted as dendritic spines and then quantified as the number of dendritic 
spines per µm of dendrite length.  Average apical and basal spine densities for 
each neuron were calculated from the apical and basal segments, respectively.  
The total spine density per neuron was calculated as the average of the apical 
and basal spine density.   
In order to measure dendritic spine length and dendritic spine head width, 
Z-stacks were flattened using the stack focuser plug-in for ImageJ (n x n Kernel = 
11).  Dendritic spines emanating in a perpendicular direction from the dendrite 
shaft in the X/Y plane were quantified.  Spine length was defined as the distance 
between the dendrite shaft and the tip of the dendritic spine and was measured 
using the freehand line drawing tool in ImageJ.  Spines emerging either above or 
below the dendrite were not measured in order to minimize the effects of the Z-
projection on spine length.  Dendritic spine head width was defined as the widest 
part of the dendritic spine head and was measured using the segmented line 
drawing tool in ImageJ.  Spine head width measurement was restricted to 
dendritic protrusions that had formed some type of a bulbous spine head, thus 
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excluding filopodial spines that lacked a spine head.  Using these parameters, 
approximately 50% of total spines were measured for length and width.  
 To measure the number of primary dendrites, the cell body of each 
neuron that was used to measure dendritic protrusions was imaged in 0.5µm Z-
steps using a 1.40NA 100X objective.  Uncompressed Z-stacks were analyzed in 
ImageJ.  Primary dendrites were defined as all neurites that emerged directly 
from the cell body of the neuron.   
To quantify dendritic arbors, 10-20 neurons per coverslip from a total of 3-
4 coverslips per treatment were imaged using a 0.8NA 20X objective (Carl Zeiss) 
in 1.0µm Z-steps.  Using ImageJ, Z-stacks were flattened using a Max-point Z-
projection.  Dendritic arbors were traced using the NeuronJ plugin for ImageJ 
(Eric Meijering, Biomedical Imaging Group, Erasmus MC, University Medical 
Center, Rotterdam, Netherlands).  NeuronJ settings were as follows:  Neurite 
appearance: Dark; Hessian smoothing scale: 2.0; Cost-weight factor: 0.7; Snap 
window size: 5x5; Path search window: 2500x2500; Tracing smoothing range: 5; 
Tracing subsampling factor: 5; Line width: 1.  Dendritic arbor traces were 
skeletonized to a pixel width of 1.0 and then converted into a binary image.  Total 
dendrite length was calculated by measuring the total pixel count for each tracing 
and then converting the pixel count into a length measurement (1.0µm dendrite 
length per 2.27 pixels) for each neuron that was traced.  Sholl analysis was 
performed on the skeletonized dendritic arbor traces using the automated Sholl 
analysis plugin for ImageJ (Ghosh Lab, University of California, San Diego).  
Sholl analysis settings were as follows:  Starting Radius: 20µm; Ending Radius: 
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200µm; Radius Step Size: 20µm; Radius Span: 0.00; Span Type: median.  
Dendrite endpoints were also measured in ImageJ and were defined as any time 
a dendrite branch terminates.  All imaging and analysis was performed in a 
blinded fashion with respect to neuron treatment.  
 
 2.2.6 Measuring c-Fos induction by BDNF 
 To measure the induction of c-Fos expression by BDNF, cortical neurons 
were co-transfected on DIV10 with pTRE-tight-BDNF (500ng), pTRE-tight-EGFP 
(400ng) and pCMV-rtTA (100ng).  For samples testing the effects of Wnt 
inhibition on BDNF-induced c-Fos expression, neurons were additionally co-
transfected with plasmids expressing one of the four Wnt inhibitors (500ng) or an 
empty vector control (500ng).  Similar to other experiments, a total of 1.5µg of 
plasmid DNA was transfected per well.  Neurons were allowed to express the 
inhibitors for 2DIV at which point BDNF expression was induced by adding 
1µg/mL doxycycline to the culture medium.  12 hours after induction of BDNF, 
neurons were fixed and prepared for c-Fos immunostaining.  Fixed neurons were 
rinsed with PBS twice, then once with PBS+0.5% Tween.  Neuron were 
incubated in blocking solution (PBS+0.5% Tween+10% Normal Goat Serum) for 
1 hour at room temperature, then stained overnight at 4°C with the primary 
antibodies directed against c-Fos (1:500, Rabbit-anti-c-Fos SC-52, Santa Cruz 
Biotechnology, Santa Cruz, CA) and GFP (1:1,000, Mouse-anti-GFP, Roche, 
Madison, WI) diluted in blocking solution.  Following primary staining, neurons 
were rinsed three times in PBS+0.5% Tween.  Neurons were then stained for 2 
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hours at room temperature in secondary antibody (Alexa Fluor Goat-anti-Rabbit 
555, Alexa Fluor Goat-anti-Mouse 488, Life Technologies, Grand Island, NY) 
diluted 1:1,000 in blocking solution.  Finally, neurons were rinsed twice with 
PBS+0.5% Tween, once with PBS, and then mounted with Fluoromount.  
Neurons were stained with DAPI (1:10,000) during the final PBS rinse. 
 To quantify c-Fos induction,10 neurons per treatment were imaged in a 
manner similar to the way that primary dendrite images were acquired.  Briefly, 
neural cell bodies were imaged in 0.5µm Z-steps using a 1.40NA 100X objective.  
Cell bodies were imaged using three channels.  Nuclear DNA was imaged using 
the DAPI channel (500 ms exposure), the outline of the cell body as indicated by 
GFP expression was imaged using the FITC channel (100 ms exposure), and c-
Fos was imaged using the TR channel (250 ms exposure).  Laser settings were 
kept consistent throughout image acquisition.  In order to eliminate sample bias 
and to ensure that neurons were not selected for imaging based on observed c-
Fos immunoreactivity during image acquisition, neurons were selected for 
imaging using only their morphology as indicated by GFP fluorescence.  The first 
10 neurons meeting the proper morphological criteria (Pyramidal shaped cell 
body, one clear apical dendrite) were imaged in this manner. 
 c-Fos expression was quantified by loading uncompressed Z-stacks into 
ImageJ.  Using the images from the DAPI channel, I identified the specific image 
plane at which the nucleus was at maximum size, then outlined a ROI around the 
nucleus using the segmented line drawing tool.  I then measured the integrated 
density of the corresponding image in the TR channel within the ROI and divided 
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this by the area of the ROI in order to quantify the normalized nuclear c-Fos 
immunoreactivity for each neuron.  The relative c-Fos intensity for each treatment 
was calculated as the average of 10 neurons.    
 
2.2.7 Statistical Analysis 
Statistical significance for experiments comparing two populations was 
determined using a two-tailed unpaired Student’s t-test.  For experiments 
comparing three or more populations, a One-way ANOVA with Tukey’s post-hoc 
test was used.  For spine length frequency distributions and Sholl analysis 
distributions, statistical significance was determined using a Two-way ANOVA 
with a Bonferroni post-test to compare means at individual data points.  All 
statistical analyses were performed using Graphpad Prism (Graphpad Software, 
Inc., La Jolla, CA).  All data are presented as the mean ± SEM with n = number 
of neurons.  Data presented here are representative of results from at least two 
separate experiments. 
 
2.3 RESULTS 
 
2.3.1 Components of Wnt signaling are dysregulated in Emx1-BDNFKOMice 
 Examination of a microarray-based transcriptional analysis of Emx1-
BDNFKO mice revealed that expression levels of several components of the Wnt 
signaling pathway are dysregulated in comparison with wild type mice (Strand et 
al., 2007).  Wnt signaling components whose expression levels differed 
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significantly from wild type in either the anterior cortex, posterior cortex or 
striatum are listed in Table 1.1 along with their respective fold change of 
expression and p-value.  Dysregulated components included Wnt ligands, Wnt 
receptors, intracellular signaling components, and secreted Wnt inhibitors.  
Interestingly, the Wnt ligands themselves constituted the largest fraction of 
dysregulated Wnt signaling components.  The expression level of some Wnt 
ligands decreased (Wnt2, Wnt4, Wnt10a, Wnt11), while others increased 
(Wnt5a, Wnt7a, Wnt7b). 
 
Table 1.1.  Fold changes in gene expression levels of Wnt signaling components 
in Emx1-BDNFKO mice compared to WT mice.  Increases in gene expression are 
highlighted in red.  Decreases in gene expression are highlighted in green.  
*p<0.05, **p<0.01, ***p<0.001.   
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2.3.2 Wnt inhibition impairs cortical dendrite elaboration 
To investigate the role of Wnt signaling in cortical neuron growth I 
expressed four different Wnt inhibitors, Wif1, Sfrp1, mFzd8CRD-IgG and 
mDvl1ΔPDZ in cultured cortical neurons.  Wnts signal through both canonical 
(Logan and Nusse, 2004) and non-canonical signaling cascades, and these 
inhibitors can interfere with both types of Wnt signaling cascades.  Wnt-inhibitor 
Factor-1 (Wif1) and Secreted Frizzled-Related Protein-1 (Sfrp1) are endogenous 
secreted proteins that can bind to Wnt ligands in the extracellular space and 
prevent them from binding their receptor (Malinauskas et al., 2011; Rattner et al., 
1997).  mFzd8CRD-IgG is a secreted fusion protein consisting of the extracellular 
domain of the murine Wnt receptor Frizzled-8 fused to the human 
immunoglobulin light chain.  mFzd8CRD-IgG also binds to Wnt ligands in the 
extracellular space and prevents them from binding their receptor (Hsieh et al., 
1999).  mDvl1ΔPDZ is a deletion mutant of the murine Dishevelled-1 protein, an 
essential intracellular component of both canonical and non-canonical Wnt 
signaling cascades (Gao and Chen, 2010).  mDvl1ΔPDZ lacks the PDZ domain 
that is required for Dvl1 to promote hippocampal dendrite growth (Rosso et al., 
2005). 
As previously mentioned, elaboration of hippocampal neuronal dendrites 
requires Wnt signaling.  Hippocampal neurons either treated with Sfrp1 or 
expressing Dvl1ΔPDZ display reduced dendrite growth and branching (Rosso et 
al., 2005).  I first determined whether dendrite growth in cortical neurons is 
similarly affected by the inhibition of Wnt signaling.  Cultured cortical neurons 
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were co-transfected on DIV10 with 500ng of a plasmid expressing one of the four 
different Wnt inhibitors, 500ng of a plasmid expressing cytoplasmic GFP in order 
to visualize neuron morphology, and 500ng of an empty vector plasmid (1.5µg 
total DNA/well).  Neurons were then fixed and imaged on DIV14 after expressing 
Wnt inhibitors for 4 days.  I quantified dendritic arbors by measuring three 
aspects of dendrite elaboration: dendrite length, number of dendrite endpoints 
and total dendritic complexity as determined using a Sholl  
analysis (Sholl, 1954).  Representative images of cortical neurons expressing 
each of the four Wnt inhibitors are shown in Fig 2.1A.  Quantification of total 
dendrite length reveals that the four Wnt inhibitors variably affected dendrite 
growth.  While both Sfrp1 and Dvl1ΔPDZ caused a significant decrease in total 
dendrite length, neither Wif1 nor Fzd8CRD caused a significant decrease (Fig. 
2.1B).  Three of the four Wnt inhibitors decreased the number of dendrite 
endpoints per neuron, suggesting that inhibiting Wnt signaling causes a reduction 
in total dendritic branching (Fig. 2.1C).  Indeed, Sholl analysis revealed that the 
same three inhibitors that decreased the number of dendrite endpoints (Sfrp1, 
Fzd8CRD, Dvl1ΔPDZ) also decreased overall dendritic complexity (Fig. 2.1D-G), 
further suggesting that Wnt inhibition causes decreased dendritic branching.  In 
contrast, none of the Wnt inhibitors caused a decrease in the number of primary 
dendrites (Fig. 2.5B).  Together, these data indicate that inhibiting Wnt signaling 
leads to a decrease in dendritic arborization in cortical neurons. 
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Figure 2.1. Wnt inhibition results in decreased dendrite elaboration.  (A) 
Representative cortical neurons expressing Empty Vector (EV), Wif1, Sfrp1, 
Fzd8CRD or Dvl1ΔPDZ.  (B) Quantification of the total dendrite length per 
neuron for each treatment.  (C) Quantification of the number of dendritic 
endpoints per neuron for each treatment.  (D-G) Sholl analysis of dendritic 
complexity comparing neurons treated with each Wnt inhibitor to control neurons.  
***p<0.001, **p<0.01, *p<0.05.  n=number of neurons: EV n=56, Wif1 n=49, 
Sfrp1 n=39, Fzd8CRD n=39, Dvl1ΔPDZ n=39  Scale Bar: 50µm. 
 54 
2.3.3 Wnt inhibition modestly impairs cortical dendritic spine formation 
I next determined whether Wnt signaling is required for dendritic spine 
formation in cortical neurons.  Representative images of dendritic segments from 
neurons from empty vector (EV) control or Wnt-inhibited neurons are shown in 
Fig 2.2A.  Quantification revealed that although all four Wnt inhibitors appeared 
to decrease dendritic spine density only Sfrp1 caused a significant decrease (Fig. 
2.2B).  Similarly, quantification of dendritic spine length revealed that only Wif1 
and Dvl1ΔPDZ significantly increased dendritic spine length (Fig. 2.2C).   
However, relative frequency distribution plots of spine lengths indicate that all 
four Wnt inhibitors caused a significant decrease in the fraction of short spines 
and a significant increase in the fraction of long spines when compared to control 
(Fig. 2.2E-H).  Lastly, quantification of dendritic spine head width revealed that 
three of the four Wnt inhibitors (Wif1, Sfrp1 and Fzd8CRD) caused significant 
decreases (Fig 2.2D).  Dendritic spines are highly plastic structures that undergo 
dramatic changes in morphology after they emerge and as they mature.  New 
dendritic spines emerge as long filopodia, which, throughout the course of spine 
maturation, decrease in length and retract toward the dendritic shaft as the 
nascent synapse develops (Fiala et al., 1998; Knott et al., 2006; Lohmann and 
Bonhoeffer, 2008; Maletic-Savatic et al., 1999; Zito et al., 2009).  Together, these 
data suggest that inhibiting Wnt signaling in cortical neurons modestly impairs 
dendritic spine formation by inhibiting their maturation. 
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Figure 2.2.  Wnt inhibition results in altered dendritic spine development.  (A) 
Representative dendritic segments of cortical neurons expressing EV, Wif1, 
Sfrp1, Fzd8CRD or Dvl1ΔPDZ. Quantification of dendritic spine density (B), 
average spine length (C) and average spine head width (D) for each treatment.  
(E-H) Relative frequency distributions comparing the distribution of spine length 
for each Wnt inhibitor compared to control.  ***p<0.001, **p<0.01, *p<0.05.  
n=number of neurons: EV n=31, Wif1 n=34, Sfrp1 n=23, Fzd8CRD n=25, 
Dvl1ΔPDZ n=25.  Scale bar: 5µm. 
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2.3.4 The effect of Wnt inhibition on BDNF-mediated cortical dendrite 
elaboration 
 
 Inhibition of Wnt signaling caused some defects in dendritic spine and 
dendritic arbor development in cortical neurons cultured in standard conditions.  
However, the primary goal for these experiments was to determine the 
requirement for Wnt signaling during BDNF-induced cortical neuron growth.  To 
begin to address this role, I analyzed the effects of BDNF on the growth and 
elaboration of cortical dendrites, and further examined how these effects were 
modulated by Wnt inhibition.  Using the same 4DIV expression paradigm, I co-
expressed each of the four Wnt inhibitors with 500ng of a plasmid encoding 
BDNF (in place of the 500ng of empty vector plasmid from Figs. 2.1, 2.2).  
Representative images of neurons co-expressing BDNF with each Wnt inhibitor 
are show in Fig. 2.3A.  Although previous work from other labs demonstrated that 
BDNF promotes the growth of cortical dendrites (Horch et al., 1999; McAllister et 
al., 1996, 1997; Wirth et al., 2003), I demonstrate here that BDNF expression did 
not significantly affect total dendrite length of cultured cortical neurons (Fig. 
2.4B), and that total dendrite length may actually have slightly decreased.  In 
fact, separate analysis of the effects of BDNF on either apical (Fig. 2.4C) or basal 
(Fig. 2.4D) dendrite length reveals that BDNF significantly decreased apical 
dendrite length.  Additionally, BDNF did not significantly increase the number of 
dendrite endpoints (Fig. 2.4E), suggesting that BDNF expression did not increase 
dendrite branching.  Sholl analysis of dendrite complexity indicates that BDNF 
increased the complexity of proximal dendritic arbors while simultaneously 
decreasing the complexity of distal dendritic arbors (Fig. 2.4F).  The increase in  
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Figure 2.3. BDNF expression increases dendritic complexity without increasing 
total dendrite length.  (A) Representative cortical neurons co-expressing BDNF 
with EV, Wif1, Sfrp1, Fzd8CRD and Dvl1ΔPDZ.  (B) Quantification of total 
dendrite length for each treatment.  Quantification of the effect of BDNF 
expression on (C) apical and (D) basal dendrite length.  (E) Quantification of the 
number of dendrite endpoints for each treatment.  (F)  Sholl analysis of dendritic 
complexity comparing neurons expressing BDNF to EV.  (G-J) Sholl analysis of 
dendritic complexity comparing neurons co-expressing BDNF with each Wnt 
inhibitor to neurons expressing BDNF alone.  Asterisks indicate comparisons to 
EV.  Hash marks indicate comparisons to BDNF+EV.  ***p<0.001, **p<0.01, 
*p<0.05.  n=number of neurons: EV n=56, BDNF+EV n=52, BDNF+Wif1 n=38, 
BDNF+Sfrp1 n=39, BDNF+Fzd8CRD n=39, BDNF+Dvl1ΔPDZ n=50.  Scale Bar: 
50µm. 
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proximal arbor complexity may be a result of the ability of BDNF to induce 
primary dendrite formation, which I explore further in the next section. 
 The effects of BDNF on dendrite arbors that I observed complicated the 
interpretation of the effects of co-expression of the Wnt inhibitors with BDNF.  
Co-expression of three of the Wnt inhibitors (Sfrp1, Fzd8CRD and Dvl1ΔPDZ) 
with BDNF caused a significant decrease in total dendrite length when compared 
with EV control (Fig 2.4B), while only one Wnt inhibitor (Sfrp1) caused a 
significant decrease in the number of dendrite endpoints (Fig. 2.4E).  Sholl 
analysis of dendritic complexity revealed that the same general pattern of BDNF 
expression increasing proximal dendritic complexity while decreasing distal 
complexity remained (Fig. 2.4G-J), but the absence of significant differences at 
individual data points for some of the Wnt inhibitors makes this conclusion 
difficult to support.  In general, the only statement that I feel comfortable making 
is that BDNF is unable to rescue any defects in dendrite growth or elaboration 
caused by Wnt inhibition.  However, because BDNF expression on its own was 
unable to clearly increase any of the parameters associated with dendrite growth 
and elaboration, it is unclear if BDNF should function in this manner.  Reasons 
for the observed effects of BDNF on dendrite growth will be further addressed in 
Chapter 4.    
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2.3.5 Wnt signaling is required for BDNF-induced cortical dendritic spine 
formation. 
 
The main hypothesis of my work is that Wnt signaling is required during 
BDNF-induced dendritic spine formation.  To test this I measured dendritic spine 
density of neurons expressing BDNF in combination with each of the four Wnt 
inhibitors.  Representative images of dendritic segments are shown in Fig 2.4A.   
Quantification of dendritic spine density revealed that BDNF expression led to a 
significant 27±3%, increase in dendritic spine density (Fig. 2.4B).  Importantly, 
this increase was blocked by co-expression of all four of the Wnt inhibitors (Fig. 
2.4B), suggesting that Wnt signaling is required for BDNF-induced formation. 
Wnt inhibition alone appeared to impair dendritic spine maturation.  I additionally 
determined whether Wnt inhibition prevents BDNF-induced dendritic formation by 
impairing spine maturation.  Previous work demonstrated that BDNF promotes 
dendritic spine formation in part by regulating the maturation of dendritic spine 
synapses (Tyler and Pozzo-Miller, 2003).  In order to determine if Wnt inhibition 
blocked the ability of BDNF to increase dendritic spine maturation, I measured 
dendritic spine length and dendritic spine head width of dendritic spines from 
neurons co-expressing BDNF and the four Wnt inhibitors.  Quantification of 
dendritic spine length revealed that BDNF expression alone had no effect on 
average dendritic spine length (Fig. 2.4C).  Additionally, effects of BDNF co-
expression with the Wnt inhibitors varied.  While Wif1 and Dvl1ΔPDZ no longer 
induced a significant increase in dendritic spine length in comparison to EV 
control, both Sfrp1 and Fzd8CRD did (Fig. 2.4C).  Similar to the results obtained 
during Wnt inhibition alone, all four Wnt inhibitors decreased the fraction of short  
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Figure 2.4.  Wnt inhibition blocks BDNF-induced dendritic spine formation.  (A) 
Representative dendritic of cortical neurons expressing EV, BDNF with EV, 
BDNF with Wif1, BDNF with Sfrp1, BDNF with Fzd8CRD and BDNF with 
Dvl1ΔPDZ.  Quantification of dendritic spine density (B), average spine length 
(C) and average spine head width (D) for each treatment.  (E-H) Relative 
frequency distributions comparing the distribution of spine length for expression 
of BDNF plus inhibitor to that of BDNF plus EV.  Asterisks indicate comparisons 
to EV.  Hash marks indicate comparisons to BDNF+EV.  ***p<0.001, **p<0.01, 
*p<0.05.  n=number of neurons: EV n=31, BDNF+EV n=30, BDNF+Wif1 n=29, 
BDNF+Sfrp1 n=25, BDNF+Fzd8CRD n=25, BDNF+Dvl1ΔPDZ n=30.  Scale bar: 
5µm.   
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spines and increased in the fraction of long spines when co-expressed with 
BDNF (Fig. 2.4E-H).  In the absence of a clear effect of BDNF expression alone 
on dendritic spine length, these data are difficult to interpret.  It should be noted, 
though, that expression of BDNF at an earlier time point (DIV7-11) was sufficient 
to decrease average spine length while also increasing dendritic spine density 
(Appendix Fig. 1B). 
 Despite the lack of an effect of BDNF on dendritic spine length when 
expressed from DIV10-14, BDNF expression alone significantly increased 
dendritic spine head width (Fig. 2.4D), suggesting that BDNF increased spine 
maturation.  Interestingly, all four Wnt inhibitors blocked this increase (Fig. 2.4D).  
Further, the decrease in dendritic spine head width induced by all four Wnt 
inhibitors was significantly lower in comparison to EV control, indicating that 
BDNF co-expression with the Wnt inhibitors accentuated the dendritic spine 
maturation defect caused by inhibition of Wnt signaling alone (Fig. 2.4D). 
Together, these data suggest that Wnt signaling is required for BDNF-induced 
increases in dendritic spine density, perhaps because Wnt signaling regulates 
some aspect of BDNF-induced dendritic spine maturation. 
 
2.3.6 Wnt signaling is not required for BDNF-induced primary dendrite 
formation 
 
 As previously mentioned, one possible reason for the increase in proximal 
dendritic complexity caused by BDNF may be a result of the ability of BDNF to 
induce the formation of primary dendrites.  Indeed, previous work demonstrated 
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that BDNF expression rapidly and robustly increases primary dendrite formation 
in cortical neurons (Horch et al., 1999; McAllister et al., 1997; Wirth et al., 2003).  
I utilized this effect of BDNF to more succinctly determine whether inhibition of 
Wnt signaling affects the ability of BDNF to regulate dendrite growth.  In order to 
determine whether Wnt signaling is required for BDNF-induced primary dendrite 
formation, I quantified the number of primary dendrites per neuron after 4DIV 
expression of BDNF in the presence of Wnt inhibition.  Representative cell 
bodies displaying primary dendrites emanating from neuronal cell bodies are 
shown in Fig. 2.5A.  BDNF expression caused a significant increase in primary 
dendrite formation (Fig. 2.5B).  As previously mentioned, expression of any of the  
Wnt inhibitors did not have any effect on primary dendrite formation (Fig. 2.5B).  
Lastly, none of the four Wnt inhibitors blocked the ability of BDNF to increase 
primary dendrite formation (Fig. 2.5B).  Together, these data indicate that Wnt 
signaling is not required for primary dendrite formation.  Further, these data 
suggest that the mechanism underlying BDNF-mediated induction of primary 
dendrite formation is independent of Wnt signaling.  
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Figure 2.5.  Wnt inhibition does not affect primary dendrite formation during 
baseline or BDNF-induced growth conditions.  (A) Representative cell bodies of 
cortical neurons expressing EV, Wif1, Sfrp1, Fzd8CRD and Dvl1ΔPDZ either 
alone, or in combination with BDNF.  (B) Quantification of the number of primary 
dendrites per neuron for each treatment.  ***p<0.001.  n=number of neurons: EV 
n=31, BDNF n=31, Wif1 n=34, BDNF+Wif1 n=29, Sfrp1 n=22, BDNF+Sfrp1 
n=21, Fzd8CRD n=25, BDNF+Fzd8CRD n=25, Dvl1ΔPDZ n=25, 
BDNF+Dvl1ΔPDZ n=30.  Scale Bar: 5µm. 
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2.3.7 Wnt signaling is not required for BDNF-induced c-Fos expression 
 One possible explanation for the reduced ability of BDNF to increase 
dendritic spine density during Wnt inhibition is that somehow the ability of BDNF 
to signal through its receptor TrkB is impaired.  Although the data examining 
BDNF-induced primary dendrite formation suggest that at least some aspects of 
BDNF signaling are unaffected, I also examined the induction of the expression 
of a downstream BDNF signaling target, c-Fos.  c-Fos is an immediate early 
gene whose transcription is rapidly upregulated by BDNF/TrkB signaling (Calella 
et al., 2007; Gaiddon et al., 1996).  In this experiment I used a tetracycline-
inducible BDNF expression plasmid to express BDNF in a temporally restricted 
manner.  Transfected neurons expressed all four Wnt inhibitors for 2DIV prior to 
the induction of BDNF expression.  Neurons were then treated with doxycycline 
in order to induce BDNF expression for 12 hours.  After that time, neurons were 
fixed and stained for c-Fos protein.  Representative cell bodies stained for c-Fos 
are shown in Fig 2.6A.  Quantitation of nuclear c-Fos expression revealed that 12 
hours of BDNF expression induced a significant increase in c-Fos induction (Fig 
2.6B).  2DIV expression of any of the Wnt inhibitors did not block the ability of 
BDNF to induce c-Fos expression (Fig 2.6B), suggesting that Wnt inhibition did 
not impair the ability of BDNF to signal through TrkB. 
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 Figure 2.6.  Wnt inhibition does not block BDNF-induced c-Fos expression.  (A) 
Representative cell bodies of cortical neurons expressing EV, Wif1, Sfrp1, 
Fzd8CRD and Dvl1ΔPDZ either alone, or in combination with 12 hours of 
expression of BDNF, and stained for c-Fos.  (B) Normalized nuclear c-Fos 
intensity  for each treatment.  ***p<0.001.  n=10 neurons for each treatment. 
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2.4 CONCLUSIONS 
 
 The data presented in this chapter lead to several conclusions.  First, 
inhibition of Wnt signaling impairs overall cortical dendrite growth and modestly 
impairs dendritic spine formation.  Second, BDNF overexpression promotes cell 
autonomous increases in dendritic spine density and also promotes the 
maturation of dendritic spines.  Importantly, the ability of BDNF to increase 
dendritic spine density and maturation is blocked by expressing all four Wnt 
inhibitors tested.  Third, BDNF robustly increases the formation of primary 
dendrites in Wnt signaling-independent manner.  In sum, the data I present in 
this chapter support a critical role for Wnt signaling in mediating the effects of 
BDNF on dendritic spine formation in cortical neurons and suggest that Wnt 
signaling is required for BDNF-induced dendritic spine formation. 
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CHAPTER 3:  Examining the role of Wnt2 and Wnt4 during cortical dendrite 
growth and dendritic spine formation 
 
3.1 INTRODUCTION 
3.1.1 Wnt2:  Initial discovery and generation of the Wnt2KO mouse 
 Wnt2 is a secreted glycoprotein in the Wnt family that is conserved 
throughout vertebrates.  Wnt2 was cloned from a human lung cDNA library and 
found to encode a protein homologous to human Wnt1 (Wainwright et al., 1988).  
Murine Wnt2, originally termed m-irp (murine int-1-related protein), was cloned 
from 8.5-day mouse embryo due to its high sequence homology with human 
Wnt2 (McMahon and McMahon, 1989).  Initial studies examining Wnt2 
expression indicated that Wnt2 is highly expressed in the fetal pericardium and 
placental tissue, and also in the adult heart and lungs (McMahon and McMahon, 
1989).  Disruption of Wnt2 expression by homologous recombination results in 
perinatal lethality due to improper placentation in approximately 50% of Wnt2-/- 
pups (Monkley et al., 1996). 
 
3.1.2 Wnt2 roles in cancer and development 
  Numerous studies examining Wnt2 function indicate that Wnt2 regulates a 
variety of biological processes using different signaling mechanisms.  Similar to 
many of the other Wnt proteins, upregulation of Wnt2 expression is associated 
with the development of cancer.  Wnt2 is upregulated in both gastrointestinal 
cancer (Katoh, 2003) and in colorectal cancer (Park et al., 2009).  Additionally, 
Wnt2 upregulation in Esophageal squamous cell carcinoma results in increased 
canonical ß-catenin-dependent transcription (Wang et al., 2011).  Wnt2 
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expression is upregulated in human Non-small cell lung carcinoma tissue (You et 
al., 2004).  Interestingly, abrogation of Wnt2 signaling utilizing an antibody 
directed against Wnt2 induces apoptosis in cells derived from this tissue (You et 
al., 2004).  Related, inhibition of Wnt2 through siRNA-induced knockdown 
decreases cytosolic ß-catenin levels and TCF-reporter activity, and induces 
apoptosis in human colorectal cancer cells (Shi et al., 2007).  Wnt2-induced 
signaling is also implicated in cancer cell invasiveness, but this process is 
regulated by non-canonical activation of gene transcription through a signaling 
pathway involving JNK activation of AP-1 (Le Floch et al., 2005). 
 Wnt2 signaling is also implicated in regulation of normal development.  
Wnt2 promotes the specification of lung progenitors in a ß-catenin transcription-
dependent manner (Goss et al., 2009).  Additionally, Wnt2 coordinately regulates 
the development of organs derived from the early foregut with Wnt2b and Fzd5 
(Poulain and Ober, 2011).  Wnt2 also regulates the differentiation of cardiac 
myocytes derived from embryonic stem cells (Onizuka et al., 2012).  
Interestingly, this process appears to be dependent on non-canonical activation 
of transcription through JNK mediated regulation of AP-1. 
 
3.1.3 Wnt2 roles in the CNS 
 Accumulating evidence from a number of studies implicates Wnt2 in the 
development and maintenance of the vertebrate nervous system.  Wnt2 
expression regulates cell progenitor proliferation in the developing midbrain, 
which gives rise to portions of the adult brainstem, in a canonical ß-catenin 
 69 
dependent manner (Sousa et al., 2010).  Additionally, in a model for neuronal 
differentiation, retinoic acid treatment of NT2 cells results in an increase of Wnt2 
expression (Katoh, 2002). 
 Wnt2 also regulates the post-natal nervous system.  Wnt2 is expressed in 
the developing hippocampus during the first two post-natal weeks and promotes 
dendritic growth of hippocampal neurons (Wayman et al., 2006).  Further, Wnt2 
expression in hippocampal neurons is regulated by neural activity (Wayman et 
al., 2006).  Wnt2 is also expressed in the adult mouse striatum.  Interestingly, a 
translational profiling study utilizing translating ribosome affinity purification 
(TRAP) of mRNAs indicates that Wnt2 mRNA is specifically expressed in 
Dopamine receptor-1 (Drd1) positive striatal medium spiny neurons and is 
enriched in a population of mRNAs that are highly associated with ribosomes 
(Doyle et al., 2008). 
 
3.1.4 Wnt2 association with neuropathologies 
 Dysregulation of Wnt2 expression is associated with several different 
neuropathologies.  Several studies have investigated the potential association of 
various Wnt2 SNPs with autism, a neurodevelopmental disease believed to arise 
due to improper development of neural connectivity (Geschwind and Levitt, 2007; 
LeBlanc and Fagiolini, 2011).  Four population-based studies demonstrated 
positive correlations between different Wnt2 SNPs and autism (Chien et al., 
2011; Lin et al., 2012; Marui et al., 2010; Wassink et al., 2001).  However, two 
other family-based studies failed to find an association (Li et al., 2004; McCoy et 
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al., 2002).  These discrepancies may be explained by the huge spectrum of 
causes of autism-like disorders.  Nonetheless, these studies indicate that Wnt2 
may play a role in the development of autism. 
 Wnt2 expression is also reduced in the cortex and hippocampus of 
Fmr1KO mice, a model for Fragile-X syndrome (Zhang et al., 2009).  Fragile-X 
syndrome is a neurodevelopmental disorder related to autism.  Like autism, 
Fragile-X syndrome may be caused by improper development of neural 
connectivity, and is characterized by an overabundance of long and immature 
dendritic spines (Irwin et al., 2001; Nimchinsky et al., 2001). 
 A small number of studies also implicate Wnt2 in depression.  Several 
different classes of antidepressant drugs increase Wnt2 expression in the brain 
(Okamoto et al., 2010).  Additionally, rats exposed to chronic electroconvulsive 
seizure treatment, which is a model of one therapeutic intervention used to treat 
depression, increases Wnt2 expression in the dentate gyrus of the hippocampus 
(Madsen et al., 2003).  Importantly, increased proliferation of adult hippocampal 
neural progenitors and subsequent integration of those cells into pre-existing 
neural circuitry within the dentate gyrus may to play a role in the recovery from 
depression (Danzer, 2012).  BDNF is also implicated in this process, which I will 
discuss in further detail in Chapter 4. 
 
3.1.5 Wnt4 roles during mammalian development 
 Like Wnt2, Wnt4 is a member of the Wnt family of secreted glycoproteins 
and is conserved throughout vertebrates.  Initial indications for the function of 
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Wnt4 in mammals came from examination of Wnt4KO mice in which Wnt4 exon 3 
was replaced with a neomycin resistance cassette by homologous recombination 
(Stark et al., 1994).  Wnt4KO mice die perinatally due to kidney failure and display 
severe deficits in kidney development.  Subsequent studies revealed that Wnt4 is 
expressed in mesenchymal tissue within the developing kidney and is required 
for the mesenchymal to epithelial transformation during the formation of kidney 
nephrons (Kispert et al., 1998).  Wnt4 loss-of-function in humans is associated 
with severe renal hypoplasia syndrome, indicating that the role for Wnt4 during 
kidney development is conserved throughout mammals (Malinow and Malenka, 
2002). 
 In addition to its well-characterized role during nephron formation in the 
developing kidney, Wnt4 is also a critical regulator of female reproductive tract 
formation. Loss of Wnt4 leads to masculinization of female mouse embryos, as 
observed by the absence of Mullerian structures and the presence of the Wolffian 
duct (Vainio et al., 1999).  Wnt4 was the first human gene identified to direct the 
development of the bipotential gonad toward ovaries (Biason-Lauber and 
Konrad, 2008).  The mechanism of Wnt4 signaling during sex determination is 
unknown.  However, Wnt4 is capable of transducing a canonical ß-catenin-
dependent signal through the Fzd6 receptor in MDCK cells (Lyons et al., 2004). 
 
3.1.6 Wnt4 roles in the mammalian CNS and PNS 
 Recent work implicates Wnt4 as a regulator of various functions within the 
mammalian CNS and PNS.  First, a gradient of Wnt4 expression in the floorplate 
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of the developing spinal cord acts as an attractive signal for commissural axons 
after midline crossing (Lyuksyutova et al., 2003).  A subsequent study 
demonstrated that Wnt4 regulates axon guidance through a signaling cascade 
involving Ca2+-independent PI3K-mediated activation of atypical-Protein Kinase 
C (aPKC) (Wolf et al., 2008). Second, Wnt4 may also regulate neuronal 
differentiation.  Treatment of NT2 cells with retinoic acid induces Wnt4 
expression, and Wnt4 loss-of-function impairs retinoic acid-induced expression of 
several genes known to promote early neuronal differentiation (Elizalde et al., 
2011).  Third, Wnt4 is required for the proper formation of the vertebrate NMJ 
and may regulate this process by promoting postsynaptic acetylcholine receptor 
(AChR) clustering in the muscle by signaling through muscle-specific kinase 
(MuSK), a receptor tyrosine kinase (Strochlic et al., 2012). 
 
3.2 EXPERIMENTAL PROCEDURES 
 
  For procedures relating to cortical neuron culture, neuron transfection, 
image acquisition and analysis, and statistical analysis, the reader is referred to 
the experimental procedures outlined in Chapter 2.  The following procedures 
were used specifically during the experiments outlined in this chapter. 
 
3.2.1 Plasmid Construction 
 pTRE-tight-Wnt2 was constructed by inserting the murine Wnt2 ORF into 
the pTRE-tight backbone (Clontech).  pTRE-tight-UTR-Wnt2.3 was constructed 
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by inserting the endogenous murine Wnt2 3’UTR immediately downstream of the 
Wnt2 coding region in pTRE-tight-Wnt2.  pTRE-tight-Wnt2 and pTRE-tight-UTR-
Wnt2.3 were co-transfected with pCMV-rtTA in order to allow for inducible 
expression of Wnt2 as described in the experimental procedures for Chapter 2.  
pTRE-tight-Wnt2 was used in the experiments describing Wnt2 overexpression 
from DIV10-14.  pTRE-tight-Wnt2UTR-GFP3, which was used to assay for the 
targeting ability of shWnt2.3, was constructed by inserting the same portion of 
the endogenous murine Wnt2 3’UTR as previously described immediately 
downstream of the coding region for GFP in pTRE-tight-GFP.  pCMV-Wnt2Flag 
was constructed by inserting a coding sequence for c-terminally Flag-tagged 
murine Wnt2 in place of GFP in the p-CMV-EGFPN1 backbone.  pCMV-Wnt4 
was constructed by inserting the coding region for murine Wnt4 in place of GFP 
in the p-CMV-EGFPN1 backbone. 
 
3.2.2 Quantitative Reverse Transcriptase PCR 
DIV10 cultured neurons were treated for 4 hours with either 50ng/mL 
recombinant BDNF (Millipore, Billerica, MA), 4µm Tetrodotoxin (TTX, Sigma 
Aldrich), or both BDNF and TTX in combination.  Total RNA was prepared using 
Trizol reagent (Life Technologies Corporation) according to manufacturer’s 
instruction.  RNA was converted to cDNA using the iScript cDNA synthesis kit 
(BIO-RAD, Hercules, CA) according to manufacturer’s instruction.  Quantitative 
real-time PCR analysis was performed using an Applied Biosystems 7500 Fast 
Real-Time PCR System (Life Technologies Corporation).  Wnt2 mRNA 
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abundance was normalized to 18s RNA.  Reactions were performed in triplicate, 
in two separate experiments. 
Primer sequences (all 5’ to 3’): 
Wnt2 F:  GTCCTCCTCCGAAGTAGTCG 
Wnt2 R:  TCTTTGGATCACAGGAGCAG 
 
Wnt4 F:  AGACGTGCGAGAAACTCAAAG 
Wnt4 R:  GGAACTGGTATTGGCACTCCT 
 
3.2.3 Wnt2KO mouse breeding and genotyping 
 Wnt2KO mice were generated by homologous recombination.  Briefly, a 
neomycin resistance cassette was inserted into exon 2 of the murine Wnt2 gene 
in order to disrupt Wnt2 gene expression (Monkley et al., 1996).  Wnt2KO mice 
were obtained from the Richard Lang laboratory at the Cincinnati Children’s 
Hospital Medical Center (Cincinnati, OH).  Wnt2KO mice were maintained in a 
CD1 strain background as heterozygotes.  Homozygous Wnt2-null mice were 
generated by heterozygous timed matings.  Wnt2KO mouse were genotyped by 
PCR amplification of three distinct amplicons from isolated genomic DNA.  A 
diagram of the PCR amplification strategy and location of primers in relation to 
the wild type and Wnt2 null genomic locus is shown in Appendix Fig. 9. 
Primer sequences (all 5’ to 3’): 
Wnt2.Geno F:  CCAGGTACATGAGAGCTACAGG 
Wnt2.Geno R:  TCACTTCGGAGGAGGACC 
Neo.Geno F:  ATCTCCTGTCATCTCACCTTGC 
Neo.Geno R:  CAAGCTCTTCAGCAATATCACG 
PGK1 R:  GACTGCCTTAAAAGCGCCTCCC 
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3.2.4 Generation of Wnt2 shRNA constructs 
 Wnt2 shRNAs constructs were generated by cloning targeting sequences 
into the lentiviral vector pLentiLox 3.7 (pLL3.7) backbone (Rubinson et al., 2003).  
Wnt2 shRNA targets were chosen by cross-referencing target selections from the 
program pSicoliogomaker 1.5 (Jacks Lab, Massachusetts Institute of 
Technology, Cambridge, MA) with suggested shRNA target selections from 
software programs provided by Dharmacon and Clontech.  Selected 19mer 
target sequences were then loaded into pSicoligomaker 1.5 in order to generate 
longer DNA oligomers to be used for subsequent cloning.  DNA oligos were 
cloned into the pLL3.7 backbone according to protocols provided by the Jacks 
Lab (http://web.mit.edu/jacks-lab/protocols/pll37.htm). 
 Wnt2 shRNAs were tested for their ability to knockdown Wnt2 expression 
by co-expressing the shRNA plasmids either with a plasmid encoding Wnt2 
(pCMV-Wnt2-Flag), or a plasmid encoding an shRNA sensitive GFP construct (p-
TRE-Wnt2UTR-GFP.3).  Details and results of these experiments are shown in 
Appendix Figs. 10-12.  Prior to their final use, the CMV-GFP expression cassette 
was removed from all pLL3.7 based shRNA constructs.  For the DIV7-10 shRNA 
experiment analyzing dendritic arbors, 500ng total plasmid DNA was transfected 
per well of a 12-well culture dish, which included 100ng of the appropriate shRNA 
plasmid.  For the DIV10-14 experiment, 1.5µg of total plasmid DNA was 
transfected per well of a 12-well culture dish, which included 25ng of the 
appropriate shRNA plasmid.  
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19mer targeting sequences (All 5’ to 3’): 
shLuc:  GATATGGGCTGAAGACAAA 
shWnt2.1:  GTAGCCAAGGAGAATTAAA 
shWnt2.2:  GCTTCACTGTAGCCAATAA 
shWnt2.3:  GAAAGATGGCTTCCAATAA 
shWnt2.3.Scr:  GAGAGTCAACGTGATATAA 
 
3.3 RESULTS 
3.3.1 Wnt2 expression analysis in the developing and adult brain 
 Our microarray analysis indicated that Wnt2 expression is decreased in 
the striatum of forebrain-specific BDNF conditional null mice (Strand et al., 2007).  
Additionally, Wnt2 expression is significantly decreased in both the anterior and 
posterior cortex (Table 1.1).  Together, this suggested that BDNF regulates 
expression of Wnt2.  I chose to more carefully examine Wnt2 as a candidate 
BDNF-regulated Wnt gene for several additional reasons.  First, Wnt2 expression 
is increased by neural activity in hippocampal neurons (Wayman et al., 2006).  
Interestingly, BDNF expression is known to mediate some activity-dependent 
neuronal processes (Ghosh et al., 1994; Kuczewski et al., 2010).  Second, Wnt2 
is sufficient to increase dendrite length in developing hippocampal neurons 
(Wayman et al., 2006) and, similarly, BDNF influences dendrite growth in cortical 
neurons (Gorski et al., 2003; McAllister et al., 1997; Xu et al., 2000b).  Third, 
antidepressant drug treatment can increase Wnt2 expression (Okamoto et al., 
2010) and BDNF has been shown to be a crucial mediator of these 
antidepressants (Adachi et al., 2008; Shirayama et al., 2002).   
I initially examined the expression pattern of Wnt2 in the developing brain 
using the Allen Developing Mouse Brain Atlas (Allen Developing Mouse Brain 
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Atlas, 2009).   This analysis revealed that Wnt2 is expressed in several regions 
of the brain at P14, a developmental time period of active synapse and dendritic 
spine addition in vivo that is similar to the age of neurons used in our in vitro 
experiments.  Notably, Wnt2 is expressed in the hippocampus, specifically in the 
CA1 and CA3 regions (Fig. 3.1A).  Additionally, Wnt2 is expressed in the medial 
striatum (Fig. 3.1B).  Lastly, Wnt2 is expressed in both the motor cortex and the 
visual cortex (Fig. 3.1C, D).  In both cortical regions, Wnt2 expression is 
concentrated in layer II/III and layer V, suggesting that Wnt2 is primarily 
expressed in cortical excitatory pyramidal neurons.  Importantly, dendritic spine 
formation on neurons in each of these brain regions is influenced by BDNF 
(Baquet et al., 2004; Chakravarthy et al., 2006; Rauskolb et al., 2010; Vigers et 
al., 2012).  I also examined the expression pattern of Wnt2 at P56 using the adult 
Allen Brain Atlas in order to ascertain whether Wnt2 is expressed in the adult 
brain (Allen Mouse Brain Atlas, 2009).  This analysis revealed that Wnt2 is 
expressed in the same structures in the adult brain as it is in the developing 
brain, albeit at lower levels (Appendix Fig. 5), and suggests that Wnt2 may 
regulate both nervous system development and maintenance. 
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Figure 3.1.  Wnt2 is expressed in the developing mouse brain.  in situ 
hybridization images taken from the Allen Developing Mouse Brain Atlas (Allen 
Developing Mouse Brain Atlas, 2009) showing Wnt2 expression (purple color) in 
the (A) hippocampus, (B) striatum, (C) motor cortex, and (D) visual cortex. 
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3.3.2 BDNF treatment increases Wnt2 mRNA expression 
 To determine whether BDNF regulates Wnt2 expression, we treated 
DIV10 cultured cortical neurons with recombinant BDNF and used qRT-PCR to 
determine Wnt2 mRNA abundance (Fig. 3.2).  Application of recombinant BDNF 
resulted in an approximate 3-fold increase in the level of Wnt2 mRNA.  
Additionally, co-treatment with tetrodotoxin (TTX), which blocks voltage-gated 
sodium channels, demonstrated that the BDNF-induced increase of Wnt2 mRNA 
abundance occurs in the absence of evoked neural activity.  Four hour 
recombinant BDNF treatment also increased Wnt2 expression in cortical neurons 
treated on DIV16 (Appendix Fig. 14).  These data are consistent with the 
possibility that Wnt2 is a target of BDNF regulation in cortical neurons and 
suggests that BDNF can regulate Wnt2 expression independently of neural 
activity. 
 
Figure 3.2.  Wnt2 expression is regulated by BDNF.  Quantification of Wnt2 
mRNA abundance after 4-hour treatment of DIV10 cultured cortical neurons with 
recombinant BDNF (50 ng/mL), TTX (4µM) or both.   **p<0.01.  n=number of 
wells:  NT n=5, BDNF n=4, BDNF+TTX n=5, TTX n=4. 
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3.3.3 Wnt2 promotes cortical dendrite growth 
 I next sought to determine whether Wnt2 overexpression by cortical 
neurons influences their dendritic morphology.  A previous study indicated that 
Wnt2 overexpression in hippocampal neurons was increased dendrite growth 
and branching (Wayman et al., 2006).  I first determined whether Wnt2 similarly 
affected cortical neuron by measuring three different aspects of dendritic arbors: 
total dendrite length, number of dendrite endpoints, and overall dendritic 
complexity.  Representative images of cortical neurons expressing Wnt2 for 4DIV 
are shown in Figure 3.3A.  I found that Wnt2 overexpression resulted in a small 
but significant increase in total dendrite length (Fig. 3.3B), consistent with what 
has been shown previously for Wnt2 in hippocampal neurons (Wayman et al., 
2006).  Additionally, Wnt2 expression resulted in a small but significant increase 
in the number of dendrite endpoints (Fig. 3.3C).  However, Wnt2 did not 
significantly increase overall dendritic complexity as measured by Sholl analysis, 
nor did it increase the number of primary dendrites (Fig. 3.3D, E).  Together, 
these data indicate that Wnt2 expression in cortical neurons is sufficient to 
increase dendrite growth, but that it only modestly increases dendrite branching. 
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Figure 3.3.  Wnt2 is sufficient to increase cortical dendrite length.  (A) 
Representative cortical neurons expressing either EV or Wnt2 from DIV10-14.  
Quantification of (B) the total dendrite length per neuron and (C) the number of 
dendritic endpoints per neuron for each treatment.  (D) Sholl analysis of dendritic 
complexity comparing Wnt2 expressing neurons to control.  (E) Quantification of 
the number of primary dendrites per neuron for each treatment.  *p<0.05.  
n=number of neurons: EV n=52, Wnt2 n=44.  Scale Bar: 50µm. 
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3.3.4 Wnt2 promotes dendritic spine formation and maturation 
 Next, I determined whether Wnt2 expression is sufficient to increase 
dendritic spine density in cortical neurons.  Using the same 4DIV expression 
paradigm as above, I quantified dendritic spines in the same manner as 
described in Chapter 2.  Images of representative dendrite segments from 
cortical neurons expressing Wnt2 are shown in Figure 3.4A.  Quantification 
revealed that Wnt2 caused a 17±4% increase in dendritic spine density (Fig. 
3.4B).  Additionally, Wnt2 caused a significant decrease in average dendritic 
spine length (Fig. 3.4C).  The decrease in average spine length is mirrored by the 
relative frequency distribution plot of spine lengths, which reveals that Wnt2 
expression significantly increased the fraction of short spines and significantly 
decreased the fraction of long spines (Fig. 3.4E).  Lastly, Wnt2 expression 
significantly increased average dendritic spine head width (Fig. 3.4D).  Together, 
these data indicate that Wnt2 is sufficient to increase cortical dendritic spine 
formation, and may play an important role in promoting dendritic spine maturation 
by possibly increasing the stability of dendritic spine contacts. 
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Figure 3.4.  Wnt2 is sufficient to increase dendritic spine formation in cortical 
neurons.  (A) Representative dendritic segments of cortical neurons expressing 
either EV or Wnt2 from DIV10-14.  Quantification of (B) dendritic spine density, 
(C) average dendritic spine length, and (D) average spine head width for each 
treatment.  (E) Relative frequency distribution comparing the distribution of spine 
length for Wnt2 to control.  **p<0.01, ***p<0.001.  n=number of neurons: EV 
n=29, Wnt2 n=25.  Scale Bar: 5µm. 
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3.3.5 Wnt2KO dendritic spine analysis 
 In addition to determining the sufficiency of Wnt2 overexpression to 
increase dendritic spine formation, I attempted to determine whether Wnt2 
expression is required for dendritic spine formation.  I ultimately explored two 
different strategies to explore this question.  The first strategy that I used was to 
quantify dendritic spine formation in cortical neurons cultured from Wnt2KO mice.  
Wnt2 null mice were generated by inserting a neomycin resistance cassette into 
exon 2 of the Wnt2 gene (Monkley et al., 1996).  Initial reports on the fertility and 
viability of this mouse strain indicated that approximately 50% of the Wnt2-/- 
mouse pups die perinatally, but that the remaining viable pups continue to 
develop to adulthood in a grossly normal fashion and are fertile (Monkley et al., 
1996).  However, in my hands, the viability of Wnt2-/- mouse was much lower.  I 
was only able to successfully culture Wnt2-/- cortical neurons twice, as I suspect 
that the majority of Wnt2-/- died in utero.   
 Despite the low viability of Wnt2-/- offspring, I was able to perform an initial 
examination of dendritic spine formation in Wnt2-/- cortical neurons cultured from 
DIV7-11, quantifying both dendritic spine density and length.  In this experiment, I 
compared Wnt2-/- neurons with neurons isolated from wild type littermates.  
Additionally, I overexpressed Wnt2 in neurons of each genotype in order to 
determine whether ectopic Wnt2 expression could rescue any observed 
phenotype.  Representative dendritic segments from cortical neurons from each 
treatment are shown in Figure 3.5A.  Quantification of dendritic spine density 
revealed no significant difference between any of the four treatments (Fig. 3.5B).   
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Figure 3.5.  Wnt2KO neurons have longer dendritic spines.  (A) Representative 
dendritic segments of cortical neurons from WT and WntKO neurons expressing 
either EV or Wnt2 from DIV7-11.  Quantification of (B) dendritic spine density and 
(C) average dendritic spine length for each treatment.  (D) Relative frequency 
distribution comparing the distribution of spine length for WT and Wnt2KO 
neurons expressing EV. (E) Relative frequency distribution comparing the 
distribution of spine length for Wnt2KO neurons expressing EV or Wnt2.  *p<0.05, 
**p<0.01, ***p<0.001.  n=number of neurons:  WT+EV n=26, Wnt2KO+EV n=39, 
WT+Wnt2 n=19, Wnt2KO+Wnt2 n=32. 
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Similarly, quantification of dendritic spine length revealed no significant difference 
between any of the four treatments (Fig. 3.5C), however, a trend toward an 
increase in average spine length of Wnt2-/- neurons suggested that spine length 
might have been affected.  To further explore this trend, I examined relative 
frequency distributions of spine length.  Interestingly, Wnt2-/- neurons displayed 
fewer short dendritic spines in comparison to WT (Fig. 3.5D).  Importantly, 
ectopic Wnt2 expression in these neurons reversed this distribution (Fig. 3.5E), 
suggesting that the decreased proportion of short dendritic spines in Wnt2-/- is 
specifically due to the loss of Wnt2 expression. 
 
3.3.6 Wnt2 shRNA knockdown analysis 
 The second strategy that I used to determine the requirement for Wnt2 
during cortical dendritic spine formation utilized an shRNA knockdown approach.  
By transfecting plasmids that express different shRNAs targeting Wnt2, I aimed 
to reduce Wnt2 expression levels in isolated neurons, thus revealing a cell-
autonomous requirement for Wnt2.  To initially characterize the effects of Wnt2 
shRNA knockdown, I observed and quantified dendrite growth parameters 
because these phenotypes were easier to identify and quantify than those 
associated with dendritic spines.  I ultimately used a set of five different shRNA 
constructs in these experiments.  I used three different shRNA constructs that 
targeted Wnt2 (shWnt2.1, shWnt2.2, shWnt2.3).  The target site within the Wnt2 
mRNA for each shRNA is shown in Appendix Fig. 10A.  I also used two different 
negative control shRNA constructs.  shLuc targets firefly luciferase, and 
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shWnt2.3.Scr consisted of a scrambled version of shWnt2.3.  I confirmed that 
shWnt2.1 and shWnt2.2 properly targeted Wnt2 by co-expressing these 
constructs with a plasmid expressing a c-terminally Flag-tagged Wnt2 and 
assaying for levels of Wnt2-Flag by western blot.  shWnt2.1 and shWnt2.2 nearly 
completely reduced Wnt2Flag expression when co-expressed at a 1:1 ratio 
(Appendix Fig. 10B).  I confirmed this observation using immunofluorescence 
staining directed against Wnt2-Flag in a similar co-expression paradigm 
(Appendix Fig. 11). In order to test the ability of shWnt2.3 to reduce Wnt2 
expression, I created a GFP expression construct that included the 3’UTR from 
mouse Wnt2.  Co-expression of the GFP-Wnt2 3’UTR construct with shWnt2.3 
significantly reduced GFP expression as assayed by western blot, while neither 
shLuc nor shWnt2.3.Scr had any effect (Appendix Fig. 10C).  I confirmed the 
western blot by examining GFP fluorescence in cultured cells in a similar co-
expression experiment (Appendix Fig. 12). 
 I first examined the effect of these shRNAs in cortical neurons when 
expressed from DIV7-10.  In this experiment, I transfected 100ng of each shRNA 
plasmid per well of a 12-well culture dish.  Interestingly, expression of all three 
targeting shRNA constructs reduced overall dendritic complexity as measured by 
Sholl analysis (Fig. 3.6A).  In order to test whether the effects of the shRNA were 
due to specific knockdown of Wnt2 or to off-target effects, I ectopically co-
expressed Wnt2 (which lacks the Wnt2 3’UTR) with shWnt2.3 (which targets the 
Wnt2 3’UTR).  A previous study indicated that off target effects of shRNAs 
specifically in neurons are manifested by a decrease in dendrite growth and 
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branching, and a decrease in the formation of dendritic spines, presumably due 
to a cell-autonomous induction of the interferon response (Alvarez et al., 2006).  
Unfortunately, ectopic Wnt2 expression did not rescue the decrease in dendritic 
complexity (Fig. 3.6B), suggesting that this decrease was due to off-target 
shRNA effects. 
 I further examined the effect of shWnt2.3 when expressed from DIV10-14, 
quantifying both total dendrite length and dendritic complexity.  In order to 
minimize the off target effects of the shRNAs, I reduced the amount of shRNA 
plasmid transfected per well to 25ng.  This amount of plasmid was sufficient to 
decrease total dendrite length (Fig. 3.6C) and dendritic complexity (Fig. 3.6D).  
Once again, however, co-expression of a knockdown-resistant Wnt2 was not 
sufficient to rescue either the decrease in total dendritic length (Fig. 3.6C) or the 
decrease in dendritic complexity (Fig. 3.6D).  However, it should be noted that in 
this experiment, Wnt2 co-expression with the negative control shRNA 
(shWnt2.3.Scr) was not sufficient to increase either dendrite parameter, which 
complicates the interpretation of the previous result.  It may be necessary to 
utilize a more robust Wnt2-dependent phenotype such as dendritic spine length 
or dendritic spine head width in order to more fully characterize the effects of the 
shRNAs targeting Wnt2 in cortical neurons.     
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Figure 3.6.  Examining the effect of shRNA-mediated knockdown of Wnt2.  (A) 
Sholl analysis of dendritic complexity of cortical neurons expressing control and 
Wnt2 shRNAs from DIV7-10 with EV and neurons co-expressing shWnt2.3 with 
ectopic Wnt2.  (B) The same diagram showing only neurons co-expressing either 
shWnt2.3 or shWnt2.3.Scr with EV, or shWnt2.3 with ectopic Wnt2.  n=number of 
neurons:  EV+shLuc n=34, EV+shWnt2.1 n=35, EV+shWnt2.3 n=38, 
EV+shWnt2.3 n=40, EV+shWnt2.3.Scr n=40, Wnt2+shWnt2.3 n-40.  (C) 
Quantification of total dendrite length for cortical neurons co-expressing 
shWnt2.3 or shWnt2.3.Scr with either EV or Wnt2. (D) Sholl analysis of dendritic 
complexity for the same neurons in (C).  ***p<0.001.  n=number of neurons:  
EV+shWnt2.3.Scr n=49, EV+shWnt2.3 n=39, Wnt2+shWnt2.3.Scr n=43, 
Wnt2+shWnt2.3 n=40.   
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3.3.7 Wnt4 expression pattern in the developing and adult brain 
 Our microarray also indicated that another Wnt gene, Wnt4, is 
downregulated in the anterior cortex, posterior cortex and striatum of the 
forebrain-specific BDNFKO mouse, suggesting that Wnt4 may also be a 
regulatory target of BDNF.  Using the Allen Developing Mouse Brain Atlas, I 
determined that Wnt4 expression is somewhat distinct from that of Wnt2 at P14 
(Allen Developing Mouse Brain Atlas, 2009).  Unlike Wnt2, Wnt4 is lowly 
expressed in the hippocampus (Fig. 3.7A) and does not appear to be expressed 
at all in the striatum (Fig. 3.7B).  Similar to Wnt2, Wnt4 is expressed in both the 
motor and visual cortex, and its expression is enriched in cortical layers II/III and 
V, suggesting that Wnt4 is expressed in cortical excitatory pyramidal neurons 
(Fig. 3.7C,D).  Generally, Wnt4 appeared to be more highly expressed in the 
cortex than Wnt2.  Analysis of images from the adult Allen Brain Atlas revealed 
that Wnt4 is expressed in the adult cortex at P56, but that its expression levels 
are much lower than at P14 (Appendix Fig. 13).   
 
 91 
 
Figure 3.7.   Wnt4 is expressed in the developing mouse brain.  in situ 
hybridization images taken from the Allen Developing Mouse Brain Atlas (Allen 
Developing Mouse Brain Atlas, 2009) showing Wnt4 expression (purple color) in 
the (A) hippocampus, (B) striatum, (C) motor cortex, and (D) visual cortex. 
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3.3.8 BDNF treatment decreases Wnt4 mRNA expression 
 In order to investigate the potential role of BDNF in regulating Wnt4 
expression, I treated DIV10 cortical neurons for four hours with recombinant 
BDNF and assayed for levels of Wnt4 mRNA.  In addition, I treated neurons with 
KCl and TTX to determine whether Wnt4 expression is influenced by neural 
activity.  Although this particular experiment lacked statistical significance, some 
interesting and unexpected trends emerged.  Surprisingly, both BDNF and KCl 
treatment decreased Wnt4 mRNA abundance, while TTX treatment increased 
Wnt4 mRNA abundance (Fig. 3.8).  A separate experiment performed at DIV16 
using the same four-hour exposure to recombinant BDNF caused a significant 
reduction in Wnt4 mRNA abundance (Appendix Fig. 14).  This indicates that, 
unlike Wnt2, Wnt4 is downregulated by BDNF, and suggests that BDNF may bi-
directionally regulate Wnt gene expression. 
 
Figure 3.8.  BDNF may decrease Wnt4 expression.  Quantification of Wnt4 
mRNA abundance after 4 hr. treatment of DIV10 cultured cortical neurons with 
recombinant BDNF (50 ng/mL), KCl (40 mM) or TTX (4µM).   **p<0.01.  
n=number of wells:  NT n=6, BDNF n=6, KCl n=3, TTX n=3. 
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3.3.9 Wnt4 promotes dendritic spine formation 
 Next, I determined whether Wnt4 overexpression is sufficient to increase 
dendritic spine formation in cortical neurons.  Wnt4 expression from DIV7-11 
significantly increased dendritic spine density (Fig. 3.9A) and significantly 
decreased dendritic spine length (Fig. 3.9B).  Together, these data indicate that 
Wnt4 is sufficient to promote dendritic spine formation and may increase 
dendritic spine maturation. 
 
Figure 9.  Wnt4 is sufficient to increase dendritic spine formation in cortical 
neurons.  Quantification of (A) dendritic spine density of neurons expressing 
either EV or Wnt4 from DIV7-11.  (B) average dendritic spine length of neurons 
from the same treatments.  n=number of dendritic segments:  EV n=120, Wnt4 
n=78. *p<0.05, ***p<0.001.  
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3.4 CONCLUSIONS 
  
 The data presented in this chapter support several conclusions.  Analysis 
of Wnt2 expression indicates that Wnt2 is expressed in the developing brain.  
Additionally, BDNF is capable of regulating Wnt2 expression in vitro.  Functional 
analysis of Wnt2 indicates that Wnt2 expression is sufficient to promote cortical 
neuron growth.  Wnt2 expression increases dendrite growth and increases 
dendritic spine formation.  Relatedly, Wnt2 may be required for the maturation of 
dendritic spines.  Analysis of Wnt4 expression revealed that Wnt4 is expressed in 
the developing brain.  Initial experiments aimed at elucidating a regulatory role 
for BDNF during Wnt4 expression suggest that BDNF may downregulate Wnt4 
expression.  Despite the possibility of BDNF-mediated downregulation of Wnt4, 
Wnt4 expression is sufficient to increase dendritic spine formation in cortical 
neurons. 
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CHAPTER 4:  Discussion and Future Directions 
 
 My studies in cortical neurons are consistent with those in many other 
systems, indicating that Wnt signaling modulates dendrite growth and synapse 
formation.  In addition, my observations argue that the Wnt signaling system is 
recruited by the neurotrophin BDNF as a necessary part of its mechanism of 
dendrite modulation.  I present evidence that a specific Wnt, Wnt2, is regulated 
by BDNF, and its expression by cortical neurons is sufficient to cause increased 
dendrite growth and dendritic spine density.  Additionally, I present preliminary 
findings that another Wnt, Wnt4, may be downregulated by BDNF but that Wnt4 
may be sufficient to promote dendritic spine formation. 
 
4.1 BDNF promotes dendritic spine formation in cultured cortical neurons 
 Several studies have shown that BDNF is sufficient to increase dendritic 
spine formation.  Notably, BDNF increases dendritic spine density in both 
cerebellar and hippocampal neurons (Alonso et al., 2004; Shimada et al., 1998; 
Tyler and Pozzo-Miller, 2003).  Similarly I demonstrate here that overexpression 
of BDNF in cultured cortical neurons is sufficient to increase dendritic spine 
density and to promote dendritic spine maturation.  BDNF overexpression from 
DIV7-11 increases dendritic spine density and decreases dendritic spine length 
(Appendix Fig. 1).  Additionally, BDNF overexpression from DIV10-14 increases 
dendritic spine density and increases dendritic spine head width (Fig. 2.4).  While 
it is tempting to suggest that overexpressed BDNF is signaling through the 
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receptor TrkB in order to promote dendritic spine formation, the experiments 
outlined in this thesis do not directly address this possibility.  Indeed, experiments 
utilizing some form of TrkB loss-of-function could be useful to determine whether 
TrkB is required for BDNF-induced dendritic spine formation in cortical neurons.  
Potential TrkB loss-of-function strategies include culturing neurons from TrkB null 
mice, or culturing neurons from a mouse strain expressing a mutant form of TrkB 
that can be antagonized by addition of a the chemical 1NMPP1 (Johnson et al., 
2008). 
 Although the ability of overexpressed BDNF to promote dendritic spine 
formation in cortical neurons was both reproducible and robust, I did observe 
instances in which BDNF was not sufficient to increase dendritic spine density.  
Specifically, overexpression of BDNF in cultured cortical neurons from BDNF null 
mice from DIV7-11 was not sufficient to increase dendritic spine density 
(Appendix Fig. 15).  Interestingly, BDNF was sufficient to increase primary 
dendrite formation in these neurons, suggesting that overexpressed BDNF was 
active in these neurons (Appendix Fig. 15).  The lack of an increase in spine 
density in these neurons is certainly curious, as the rationale leading into this 
experiment was that the BDNF null neurons would be particularly sensitive to 
BDNF and may display a greater increase in dendritic spine density due to BDNF 
overexpression.  One explanation as to why overexpression of BDNF did not 
increase spine density may relate to the expression of the receptor TrkB.  It is 
possible that either the level of TrkB expression or the location of TrkB 
expression was altered in these neurons due to the lack of BDNF expression.  
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The fact that BDNF was able to increase primary dendrite formation suggests 
that TrkB was expressed, but it is possible that TrkB expression in more distal 
regions of the neurons, and specifically synaptic TrkB localization, was affected.  
Indeed, synaptic localization of TrkB protein increases during the development of 
cultured cortical neurons (Gomes et al., 2006), and it is possible that the 
development of BDNF null cortical neurons is delayed and that TrkB was not 
properly trafficked to proto-synaptic sites throughout the neuron.  Additionally, it 
is possible that BDNF overexpression produced a subtle dendritic spine 
phenotype in this particular experiment.  I did not analyze dendritic spine length 
or dendritic spine head width therefore I do not know whether BDNF promoted 
aspects of dendritic spine maturation.  Further experiments examining the ability 
of BDNF overexpression to induce dendritic spine formation in BDNF null 
neurons will help to clarify the reproducibility of the result that I observed and 
could indicate an interesting requirement for BDNF expression during the early 
post-natal development of cortical neurons.  
 
4.2 Wnt signaling is required for BDNF-induced dendritic spine formation 
Recent evidence indicates that Wnt signaling regulates hippocampal 
dendritic spine formation.  Both Wnt5a and Wnt7a are sufficient to increase 
dendritic spine density in hippocampal neurons (Ciani et al., 2011; Farias et al., 
2009).  Further, Wnt7a is sufficient to increase dendritic spine head width, 
suggesting that it promotes maturation of dendritic spines (Ciani et al., 2011).  
Additionally, application of recombinant Fzd2CRD, a soluble version of the Wnt 
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receptor Fzd2, reduces dendritic spine density in hippocampal neurons (Varela-
Nallar et al., 2010), and cultured hippocampal neurons from Dvl1 knockout mice 
form fewer dendritic spines compared to wild-type control (Ciani et al., 2011).   
The work I present in this thesis extends this line of research by 
demonstrating that Wnt signaling also regulates cortical dendritic spine formation 
and suggests that it is required for BDNF-induced dendritic spine formation.  
BDNF regulates the formation and development of dendritic spines (Yoshii and 
Constantine-Paton, 2010) and recent work has begun to elucidate some of the 
molecular mechanisms underlying this process.  BDNF induces formation of 
hippocampal dendritic spines by regulating the surface expression of TRPC3 
voltage-gated calcium channels (Amaral and Pozzo-Miller, 2007), by activating 
ERK1/2 signaling cascades (Alonso et al., 2004), and by increasing the 
expression of Ryanodine receptors (Adasme et al., 2011).  In addition, BDNF 
regulates the trafficking and synaptic localization of PSD95 (Yoshii and 
Constantine-Paton, 2007), which is a major postsynaptic scaffolding protein that 
is sufficient to promote dendritic spine formation (El-Husseini et al., 2000).  
Notably, while each of these targets of regulation are cytoplasmic, our studies 
support a requirement for secreted Wnt signaling proteins during BDNF-induced 
dendritic spine formation. 
This mechanism relies upon BDNF regulating Wnt expression, or other 
aspects of Wnt signaling, in order to regulate dendritic spine formation.  Related, 
I report here that BDNF regulates the abundance of at least one Wnt mRNA, 
encoding Wnt2, and that Wnt2 is sufficient to promote dendritic spine formation.  
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Interestingly, activity-mediated regulation of Wnt signaling is required for activity-
mediated synapse formation (Chen et al., 2006; Gogolla et al., 2009; Sahores et 
al., 2010).  Neural activity not only regulates Wnt gene transcription (Wayman et 
al., 2006), but it regulates Wnt protein translation (Gogolla et al., 2009), Wnt 
protein transport (Tabatadze et al., 2011) and Wnt protein secretion (Ataman et 
al., 2008; Chen et al., 2006) as well.  It is possible that BDNF may similarly 
regulate multiple aspects of Wnt signaling.   
 It is also possible that BDNF regulates Wnt signaling through modulation 
of neural activity.  A key study investigating the interaction between BDNF and 
neural activity during hippocampal dendritic spine formation demonstrated that 
BDNF increases dendritic spine density and maturation when evoked neural 
activity is blocked, but only increases dendritic spine density when both evoked 
and spontaneous neural activity are blocked (Tyler and Pozzo-Miller, 2003).  My 
work showed that BDNF was able to increase Wnt2 expression when evoked 
neural activity is blocked (Fig. 3.2, TTX treatment), but it did not investigate 
whether this increase may be due to the ability of BDNF to increase spontaneous 
neural activity through increased neurotransmitter release.  Additional 
experiments testing the requirements for Wnt signaling during activity-
independent BDNF regulation of dendritic spine formation will help to elucidate 
some of these details. 
Although it will be important to attempt to isolate the activity-independent 
effect of BDNF on Wnt signaling, this may ultimately prove to be very difficult as 
BDNF signaling and neural activity are intimately linked.  Neural activity 
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increases the secretion of BDNF (Kuczewski et al., 2010) and, in a reciprocal 
manner, BDNF signaling increases neural activity (Madara and Levine, 2008; 
Pozzo-Miller, 2006).  Interestingly, BDNF signaling is required to induce long-
lasting structural dendritic spine plasticity in a paradigm that pairs glutamate 
uncaging with post-synaptic neural activity (Tanaka et al., 2008), suggesting that 
neural activity and BDNF coordinately regulate dendritic spine formation. 
Together, these observations raise the possibility that BDNF and neural activity 
may coordinately regulate Wnt signaling in order to regulate dendritic spine 
formation.  Further studies aimed at elucidating the full extent of the regulation of 
Wnt signaling by BDNF during dendritic spine formation will help to clarify this 
possibility.   
 
4.3 Wnt inhibition alone modestly impairs dendritic spine formation 
My observation that Wnt inhibition only modestly affected spine formation 
under standard “baseline” culture conditions may indicate that there is a unique 
population of BDNF-dependent spines that are not abundant under those 
conditions.  Alternatively, it’s possible that under baseline culture conditions, 
BDNF is lowly expressed, thus the induction of Wnt signaling is concurrently low, 
meaning that inhibiting Wnt signaling has a relatively small effect on baseline 
dendritic spine formation.  Indeed, the results that I show from experiments 
performed using BDNF-/- neurons indicate that cultured cortical neurons form 
dendritic spines at densities comparable to wild type controls (Appendix Fig. 15).  
It is also possible that cortical neurons express less BDNF than hippocampal 
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neurons at the same time point, which would explain why studies using 
hippocampal neurons demonstrated a greater requirement for Wnt signaling 
during normal growth conditions (Ciani et al., 2011; Varela-Nallar et al., 2010).  
Indeed, our lab has demonstrated that in vivo BDNF expression turns on earlier 
in the hippocampus than in the cortex, and that maximum cortical BDNF 
expression does not occur until after approximately 2-3 weeks of age (Baquet et 
al., 2004).  Although my experiments were performed in vitro, this general 
timeline of BDNF expression correlates with a decreased requirement for cortical 
BDNF signaling in neurons less than 2 weeks old. 
The modest impairment of dendritic spine formation due to Wnt inhibition 
in baseline culture conditions may also be a result of the Wnt inhibition strategy 
used in my experiments, and may specifically result from incomplete attenuation 
of Wnt signaling.  The cytoplasmic Wnt inhibitor that I used, Dvl1ΔPDZ, is only 
predicted to act cell-autonomously, whereas Ciani et al. (2011) examined spine 
formation in a population of neurons that completely lacked Dvl1, meaning that 
both pre- and postsynaptic Wnt signaling was blocked.  If, as it has been shown 
previously, Wnt signaling regulates dendritic spine synapses both pre- and 
postsynaptically, then inhibition of Wnt signaling on only one side of the synapse 
should have less of an effect than simultaneously inhibiting signaling on both 
sides of the synapse.  The secreted inhibitors that I used in my experiments were 
predicted to do just that.  However, it is possible that the three secreted Wnt 
inhibitors do not bind and inhibit all Wnt ligands with the same affinity and 
therefore incompletely inhibit signaling by multiple Wnts acting at some 
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synapses.  To date, six of the 19 different mammalian Wnt proteins have been 
shown to be active on neurons, and more are likely to share this property.  
Previous studies have indicated that endogenous and non-endogenous secreted 
Wnt inhibitors vary in the affinity with which they bind and inhibit the activity of 
Wnt proteins (Carmon and Loose, 2010; Galli et al., 2006), which may explain 
why the Fzd2-CRD inhibitor used by Varela-Nallar et al. (2010) produced a 
stronger decrease in hippocampal dendritic spine formation.  Additionally, it is 
possible that hippocampal dendritic spine formation requires a different subset of 
Wnts than in cortical neurons.   
Future experiments utilizing simultaneous expression of multiple Wnt 
inhibitors should help to clarify whether Wnt inhibition in my experiments was 
incomplete or if, instead, there is a low requirement for Wnt signaling during 
baseline dendritic spine formation.  Additionally, experiments pairing 
overexpression of individual Wnt genes with different Wnt inhibitors will indicate 
whether individual Wnt inhibitors are able to block the activity of specific Wnt 
proteins.  Lastly, it may be helpful to investigate whether inhibiting Wnt signaling 
by expressing a Dickkopf (Dkk) protein.  The Dkk-type inhibitors inhibit Wnt 
signaling by binding to the Fzd/LRP co-receptor complex, which may help to 
circumvent the problems associated with the varying affinities of the Wnt ligand-
binding secreted Wnt inhibitors (e.g., Sfrp1, Wif1, Fzd8CRD).   
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4.4 Mechanisms of Wnt-mediated dendritic spine formation 
Collectively, the results from experiments utilizing Wnt inhibition alone and 
in combination with BDNF overexpression indicate that Wnt signaling plays a key 
role during dendritic spine formation.  The next important step is to identify the 
mechanisms by which Wnt signaling regulates cortical dendritic spine formation. 
 Previous studies examining the mechanisms of Wnt signaling-mediated 
synapse formation indicate that Wnt signaling is required for both pre- and 
postsynaptic assembly (Budnik and Salinas, 2011).  In this context, it is possible 
that dendritic spine formation is impaired because the synapse itself is prevented 
from fully assembling.  The results that I present pertaining to defects in spine 
maturation, and specifically dendritic spine head width, are consistent with a 
defect in postsynaptic assembly.  Indeed, expression of PSD95, a major 
scaffolding component of the postsynaptic compartment, is tightly coupled with 
dendritic spine maturation (Ehrlich et al., 2007).  Further, Wnt5a induces 
clustering of PSD95 (Farias et al., 2009; Varela-Nallar et al., 2010), and 
promotes increases in dendritic spine density (Farias et al., 2009) suggesting that 
regulation of postsynaptic assembly is a key step during dendritic spine 
formation.  In this light, it would be important to determine if the individual Wnts 
used in my studies, Wnt2 and Wnt4, similarly affect assembly of synaptic 
components, whether pre- or postsynaptic.  Initial studies that I performed aimed 
toward determining whether Wnt2 affects expression or localization of PSD95 
were inconclusive (Data not shown).  Additionally, it would be interesting to 
determine if the Wnt inhibitors used in my experiments preferentially affect pre- 
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or postsynaptic assembly.  The fact that the cytoplasmic Wnt inhibitor Dvl1ΔPDZ 
blocks BDNF-induced dendritic spine formation to the same extent as the 
secreted inhibitors suggests that the primary requirement for Wnt signaling is 
postsynaptic.  I will discuss this idea later in the chapter. 
 Alternatively, it is possible that defects in synaptic assembly indirectly 
impair dendritic spine formation by affecting excitatory neurotransmission.  
Treatment of hippocampal slices with Sfrp2 reduces both fEPSP and mEPSC 
amplitude (Varela-Nallar et al., 2010) while treatment with Sfrp1 decreases 
NMDAR-mediated neurotransmission and prevents paired-synaptic potentiation 
(Cerpa et al., 2011).  Additionally, treatment of hippocampal slices with Fzd8-
CRD decreases the magnitude of LTP (Chen et al., 2006).  Importantly, dendritic 
spine formation is regulated by neural activity (Alvarez and Sabatini, 2007; Yuste 
and Bonhoeffer, 2001) so it is possible that the defects that I report in cortical 
dendritic spine formation during Wnt inhibition arise as a result of impaired 
neurotransmission due to improper excitatory synapse development.  
Electrophysiological studies examining various properties of neural activity during 
Wnt inhibition would help to indicate whether neurotransmission is affected in the 
experiments that I presented here.  Further, because BDNF may, in part, 
regulate dendritic spine formation by modulating neural activity, it would be 
informative to determine if the changes in neural activity elicited by BDNF are 
altered in the absence of Wnt signaling.  This could suggest that Wnt inhibition 
indirectly affects the ability of BDNF to regulate spine formation.   
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An alternative, but not mutually exclusive, possibility is that the changes in 
dendritic spine number and increases in dendritic spine length that we see during 
Wnt inhibition, either alone or during BDNF-induced dendritic spine formation, 
represent a failure of Wnt signaling to regulate the stabilization of dendritic spine 
contacts after the initiation of dendritic spine formation.  Expression of a 
stabilized version of ß-catenin, a key downstream effector of Wnt signaling, 
promotes hippocampal dendrite growth and dendritic spine formation, 
presumably by mediating cell adhesion events via its interaction with N-cadherin, 
alpha-N-catenin and the actin cytoskeleton (Yu and Malenka, 2003, 2004).  
Further, disruption of either N-cadherin or alpha-N-catenin function in 
hippocampal neurons results in decreased spine stability and an increase in 
dendritic spine length (Abe et al., 2004; Togashi et al., 2002). Wnt-mediated 
stabilization of synaptic contacts through local regulation of the Cadherin-Catenin 
complex would prove to be an interesting means of promoting dendritic spine 
formation and maturation.  Additionally, it may be interesting to determine 
whether cadherin-mediated cell adhesion is required for BDNF-induced dendritic 
spine formation.  There is evidence that BDNF/TrkB signaling enhance excitatory 
synapse formation through mobilization of presynaptic neurotransmitter vesicles 
by disrupting the interaction between n-cadherin and ß-Catenin (Bamji et al., 
2006).  I envision a scenario in which a postsynaptic interaction between BDNF 
signaling and the cadherin/catenin complex mediated by a BDNF-induced Wnt 
signal acts to stabilize nascent synaptic contacts.  Given the strong dendritic 
spine phenotypes associated with n-cadherin and alpha-catenin loss-of-function, 
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it may be possible to determine if BDNF rescues these defects.  Additionally, a 
detailed analysis of dendritic spine turnover will help to clarify whether the 
impairment in dendritic spine formation due to Wnt inhibition is a result of failed 
stabilization of dendritic spine contacts.  If dendritic spine contacts are not 
stabilizing properly, I would expect that the rate of dendritic spine initiation will 
remain unchanged in the absence of Wnt signaling, but that the proportion of 
dendritic spines that persist after initiation will decrease. 
 
4.5 Identifying the role of specific Wnt signaling pathways during dendritic 
spine formation  
  
 Despite the dendrite arbor growth and dendritic spine formation 
phenotypes that I describe in regards to Wnt inhibition, both alone and in 
combination with BDNF overexpression, the identity of the specific signaling 
pathways required for Wnt signaling in these contexts is unknown.  Similarly, 
despite the results that I describe suggesting that Wnt2 is sufficient to promote 
dendritic spine formation and maturation, the specific Wnt signaling pathway 
induced by Wnt2 is unknown.  As previously described in Chapter 2, Wnt 
signaling is very complex and several different signaling cascades mediate the 
effects of Wnt signaling on the cell surface. 
 In an initial attempt to identify a potential downstream Wnt signaling 
cascade during BDNF-induced cortical neuron growth, I treated neurons with 
bath recombinant BDNF for 12 hours and determined whether ß-catenin protein 
translocated to the nucleus, which would indicate that BDNF could induce a 
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canonical Wnt signal that would subsequently cause ß-catenin-dependent 
transcriptional upregulation of a set of target genes.  I found that BDNF treatment 
did not induce translocation of ß-catenin to the nucleus (Appendix Fig. 3).  
Interestingly, KCl treatment, which increases overall neural activity, appeared to 
induce ß-catenin translocation to the nucleus.  This effect was blocked by co-
treatment with TTX.  Together, these data suggest that neural activity may be 
able to induce a canonical Wnt signal, while BDNF does not.  This interpretation 
supports the speculation that BDNF-induced Wnt ligands signal in a non-
canonical manner.  In similar experiments in which I expressed either Wnt2 in 
cortical neurons and then examined ß-catenin localization, I also did not detect 
any nuclear translocation of ß-catenin to the nucleus (Data not shown).  This 
observation is consistent with Wnt2 as a target of BDNF. 
 Although these experiments suggest a role for non-canonical Wnt 
signaling during cortical neuron growth and dendritic spine formation, more 
experiments need to be performed in order to further rule out a potential role for 
ß-catenin-dependent canonical Wnt signaling.  The most rigorous means by 
which one can specifically determine a role for ß-catenin-dependent transcription 
is by using the TOPFlash reporter system, which consists of a plasmid that 
expresses Luciferase under the control of TCF/LEF transcription factor binding 
sites in its promoter.  Transfection of this reporter plasmid into neurons followed 
by treatment BDNF should help to determine whether BDNF induces a canonical 
ß-catenin-dependent transcription signal.  Additionally, co-transfection of this 
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reporter plasmid with a plasmid that expresses BDNF should indicate whether 
any such signal is cell-autonomous.  
 
4.6 The primary requirement for Wnt signaling during BDNF-induced 
dendritic spine formation is cell-autonomous 
 
The data I describe here provides insight into the directional requirements 
of Wnt signaling during BDNF-induced cortical dendritic spine formation.  I found 
that the cytoplasmic Wnt inhibitor, Dvl1ΔPDZ, inhibits BDNF-induced increases 
in dendritic spine density to the same extent as the three secreted Wnt inhibitors, 
Wif1, Sfrp1 and Fzd8CRD (Fig. 3B).  This indicates a cell-autonomous 
requirement for Wnt signaling, and suggests that an anterograde Wnt signal acts 
through a postsynaptic signaling mechanism to mediate BDNF-induced dendritic 
spine formation.  Interestingly and related, Wnt7a has been suggested to 
promote hippocampal dendritic spine growth by regulating post-synaptic CamKII 
signaling (Ciani et al., 2011) while Wnt 5a is thought to promote hippocampal 
dendritic spine formation by regulating post-synaptic clustering of PSD-95 (Farias 
et al., 2009).   
Alternatively, it may be possible that disruption of either pre- or 
postsynaptic regulation of dendritic spine formation by Wnt signaling is sufficient 
to block BDNF-induced dendritic spine formation.  If this were indeed true, 
selective blockade of non-cell-autonomous Wnt signaling would be expected to 
abrogate dendritic spine function.  
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4.7 Cross-synaptic interaction between BDNF and Wnt signaling 
 My original hypothesis that guided me toward investigating Wnt signaling 
as a mediator of BDNF-induced dendritic spine formation proposed that BDNF 
signals across the synapse to regulate the expression of Wnts, which, in turn, 
signal back across the synapse.  In this manner, BDNF and Wnt signaling could 
form a bi-directional signaling loop that functioned to regulate a synapse.  The 
results that I present in this thesis neither contradict nor completely support this 
hypothesis, mainly because the experiments that I have performed lack 
specificity in the directional sense.    
 First, concerning the direction of BDNF signaling, although I expressed 
BDNF in isolated cells and demonstrated that this results in a cell autonomous 
increase in dendritic spine formation, I don’t know whether BDNF is signaling in 
an autocrine or paracrine manner, or both.  This means that BDNF could also be 
inducing a Wnt signal in any of these manners. Additionally, the experiments in 
which I demonstrate that BDNF increases expression of Wnt2 were 
accomplished using bath BDNF treatment, which provides no indication of 
whether BDNF can activate Wnt2 expression in a cross-synaptic manner.  In 
order to begin testing whether BDNF is able to signal in an autocrine manner to 
induce a Wnt signal, it would be interesting to reduce or eliminate TrkB 
expression or function in a cell-autonomous manner, essentially forcing BDNF in 
isolated transfected neurons to signal in a paracrine manner.  If BDNF-induced 
dendritic spine formation in this context were blocked by Wnt inhibition, it would 
suggest that BDNF is signaling across the synapse to regulate Wnt signaling. 
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 Second, the Wnt signals that I examine in my experiments could similarly 
be signaling in an autocrine or paracrine manner.  Indeed, when I express either 
Wnt2 or Wnt4 in isolated neurons, it involves the same caveats as when I 
express BDNF.  While it would be incredibly informative to be able to force the 
direction of Wnt signals using receptor knockout or knockdown strategies, our 
lack of knowledge concerning the identity of specific Fzd receptors that mediate 
effects of individual Wnt proteins makes this a difficult proposition.  While there 
are some indications in the literature of potential Wnt/Fzd interactions, as is the 
case for Wnt4 and Fzd3, a systematic analysis of which Fzd receptors that 
individual Wnt proteins bind has not been performed.  Additionally, it is possible 
that Fzd expression context changes according to brain region and neural cell 
type.  Combined, a detailed expression analysis of both Wnt ligands and Fzd 
receptors should begin to aid the process of identifying specific Wnt/Fzd 
interactions.  Further, depending on the expression of ligand/receptor pairs within 
known neural circuits, this sort of analysis may suggest how the complex Wnt 
signaling system contributes to the establishment of ordered neural connectivity 
within and between brain regions.  
 
4.8 Wnt signaling is required for cortical dendrite growth 
Here, I present data indicating that normal growth and elaboration of 
cortical dendritic arbors requires endogenous Wnt signaling, consistent with what 
has been shown for hippocampal neurons (Rosso et al., 2005).  The 
synaptotrophic hypothesis proposes that an essential function of synapses is to 
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stabilize dendritic arbors (Cline and Haas, 2008).  Activation of postsynaptic 
signaling mechanisms promotes dendritic arbor stability (Lohmann et al., 2002; 
Niell et al., 2004; Rajan et al., 1999; Wu and Cline, 1998).  In contrast, loss of 
synaptic inputs leads to reductions in dendrites, indicating that maintenance of 
synaptic input is critical for dendrite stability (Clark, 1957; Coleman and Riesen, 
1968; Jones and Thomas, 1962; Matthews and Powell, 1962; Sfakianos et al., 
2007).  Previous work has established that there is a correlation between 
dendritic spine size and synaptic strength (Matsuzaki et al., 2001; Zito et al., 
2009), and studies have shown that blocking Wnt signaling impairs excitatory 
neurotransmission (Cerpa et al., 2011; Varela-Nallar et al., 2010).  I speculate 
that reduced excitatory synaptic input as a result of impaired dendritic spine 
formation may lead to the reduction in cortical dendrite growth with Wnt inhibition.  
Indeed, my data indicate that Sfrp1 and Dvl1ΔPDZ, which caused impairments in 
dendritic spine density and length (Fig. 1B and C), also caused significant 
reductions in total dendrite length (Fig. 2B).  
As is the case with the dendritic spine formation results that I present in 
this thesis, the data pertaining to dendritic arbors represent only a snapshot of 
what is happening to dendrites during Wnt inhibition.  In reality, neuronal 
dendrites, like dendritic spines, are dynamic structures.  Dendrite growth is 
accomplished by iterative extension and stabilization of newly formed dendritic 
branches.  In this context, it is possible that the dendrite growth impairments 
caused by Wnt inhibition are caused by a lack of new dendritic branch formation, 
rather than the failure of dendrite branches to stabilize.  Additionally, in the case 
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of Sfrp1, which elicited the strongest negative effect on dendrite elaboration, it is 
possible that dendrites actually retract over the 4DIV expression period.  Without 
a more detailed temporal analysis of dendrite growth, these distinctions are 
difficult to make. 
 
4.9 BDNF increases proximal dendrite complexity in cortical neurons 
 A large portion of the research examining the role of BDNF in regulating 
neuron function demonstrates that BDNF regulates elaboration of cortical 
dendrites by signaling through TrkB (Horch et al., 1999; McAllister et al., 1996, 
1997; Wirth et al., 2003).  Interestingly, the effects of BDNF on cortical dendrites 
display cortical layer specificity.  BDNF promotes the growth and branching of 
dendrites of neurons in layers II/III, IV and V (Horch et al., 1999; McAllister et al., 
1996; Wirth et al., 2003), but inhibits the dendritic growth of neurons in layer VI 
(McAllister et al., 1997).  Not only is BDNF sufficient to promote dendrite 
elaboration, but it is required for the maintenance of cortical dendrites as well 
(Gorski et al., 2003). 
 My experiments using BDNF overexpression in cultured cortical neurons 
recapitulated some, but not all, of the previously described effects of BDNF on 
dendritic arbors.  I show here that BDNF overexpression results in a robust 
increase in the formation of primary dendrites, and that this leads to a small but 
significant increase in proximal dendritic complexity (Fig. 2.3.F).  However, 4DIV 
expression of BDNF did not increase total dendrite length, which was unexpected 
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(Fig. 2.3.B).  BDNF expression actually significantly decreased apical dendritic 
length (Fig. 2.3.C).   
 One possible explanation for the decrease in apical dendrite length is that 
strong BDNF expression for 4DIV causes a large increase in synaptic strength, 
which then results in a compensatory retraction of dendrites to scale back the 
total amount of excitatory input.  Neurons have a remarkable ability, termed 
homeostatic plasticity, that allows them to maintain stable intrinsic excitability in 
the face of constantly changing external input (Turrigiano, 2011).  While the 
mechanisms of homeostatic plasticity are unclear, there is evidence that dendritic 
arbor growth is regulated in a homeostatic manner by neural activity.  A study 
examining the role of ß-catenin during dendrite growth demonstrated that there is 
an inverse correlation between synaptic strength and dendritic length, specifically 
that increased dendrite growth is associated with decreased amplitude of 
spontaneous neurotransmission events (Peng et al., 2009).  In addition, there is 
evidence that an abnormal increase in neural activity results in decreased 
dendrite growth.  Hippocampal neurons treated with the GABAA inhibitory 
neurotransmitter receptor blocker bicuculine for 4DIV prevented dendrite growth 
over that period (Nishimura et al., 2008), indicating that chronic increases in 
excitatory synaptic input limit dendrite growth.  The data I present here suggest 
that BDNF increases the strength of presynaptic input in two ways.  First, BDNF 
increases the number of synaptic inputs by increasing the number of dendritic 
spines.  Second, BDNF increases the strength of synaptic input, as shown by the 
increase in dendritic spine head width.  I speculate that BDNF overexpression in 
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cortical neurons causes a sufficiently large enough increase in excitatory 
synaptic input to elicit a compensatory decrease in dendrite length.  
 It is important to note that even though BDNF expression does not 
increase dendrite length, and even significantly decreases distal dendrite 
branching, overall neural connectivity as measured by the total number of 
dendritic spines per neuron is still increased by BDNF (Appendix Fig. 2).   
Additionally, Wnt inhibition in combination with BDNF expression decreases 
neural connectivity, further supporting a role for Wnt signaling during BDNF-
mediated neural circuit formation. 
 
4.10 Wnt2 promotes cortical dendrite growth and dendritic spine formation 
 My finding that Wnt2 overexpression in cortical neurons promotes 
dendritic spine formation and decreases dendritic spine length is consistent with 
studies that have examined the role of other Wnt proteins during dendritic spine 
formation by hippocampal neurons (Ciani et al., 2011; Farias et al., 2009; Varela-
Nallar et al., 2010).  The ability of Wnt2 to promote dendritic spine formation in 
cortical neurons suggests a potential cellular mechanism for its ability to promote 
dendrite growth in cultured hippocampal neurons (Wayman et al., 2006).  We 
demonstrate here that Wnt2 is expressed in the developing mouse cortex and 
promotes dendrite growth in cortical neurons in vitro.  It is possible that Wnt2 
promotes dendrite growth primarily by enhancing neural connectivity through 
dendritic spine formation, stabilizing dendrites as predicted by the synaptotrophic 
hypothesis (Cline and Haas, 2008).   
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 The increase in dendrite growth that we report in cortical neurons is 
smaller in comparison to the response demonstrated in hippocampal neurons but 
the discrepancy between the two results may be due to the difference in relative 
developmental stage of the neurons used.  As neurons develop, the potential for 
increased dendrite growth decreases (Wu et al., 1999).  Indeed, layer V 
pyramidal neurons in the rat cortex reach near maximal dendrite length by P14 
(Romand et al., 2011), suggesting that the dendritic arbors of the DIV14 cortical 
neurons used in our experiments are nearly fully elaborated.  Further studies 
using different developmental stages of cortical neurons and utilizing different 
modes of Wnt2 treatment strategies such as Wnt2 loss-of-function or short term 
application of recombinant Wnt2 protein should help to clarify whether or not 
dendritic spine formation is the primary neuronal function for Wnt2. 
 
4.11 Wnt2KO dendritic spine phenotypes 
 My attempts to determine whether Wnt2 is required for dendritic spine 
formation were less conclusive than those testing Wnt2 sufficiency.  
Nonetheless, experiments using cultured cortical neurons from Wnt2KO mice 
suggest that Wnt2 may be required for dendritic spine maturation.  Although 
dendritic spine density in Wnt2KO neurons cultured to DIV11 was unchanged 
compared to wild type control, there appeared to be an increase in spine length 
in those neurons.  Importantly, ectopic Wnt2 expression in the Wnt2KO neurons 
for 4DIV was able to reverse the impairment in spine length.  This specific effect 
on dendritic spine length may indicate that Wnt2 functions primarily to promote 
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dendritic spine maturation, rather than to promote the initiation of dendritic spine 
formation.  Measuring average spine head width would help to support this 
conclusion.   
 Alternatively, it is possible that Wnt2 promotes the initiation of dendritic 
spine formation, but that expression of any of the other 18 Wnt proteins is able to 
compensate for the loss of Wnt2.  Indeed, the experiments using neurons from 
Wnt2KO mice are complicated by the lack of knowledge regarding the role of 
Wnt2 in the prenatal mouse brain.  Analysis of Wnt2 expression in the 
hippocampus indicates that Wnt2 expression begins near the end of the first 
postnatal week and is likely not expressed prenatally (Wayman et al., 2006).  If 
Wnt2 expression initiates even later in the cortex, as is the case with BDNF, it is 
possible that I may observe more severe Wnt2 loss-of-function phenotypes in 
neurons grown to a later date in vitro.   
 One means of circumventing the problems associated with the full Wnt2 
null mouse strain is to create a conditional Wnt2 allele.  To my knowledge, such 
a mouse strain does not exist, but would prove to be invaluable in further 
examining the role for Wnt2 in the brain.  By crossing a mouse strain harboring a 
conditional Wnt2 allele with a variety of different tissue-specific CRE expressing 
mouse lines, it would be possible to rigorously test the spatial and temporal 
requirements for Wnt2. 
 Ultimately, the key experiment to perform is to determine if the effect of 
BDNF on dendritic spine formation is altered by loss of Wnt2 expression.  This is 
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an experiment that I tried on one occasion.  Unfortunately, the samples on this 
attempt were not of sufficient quality to allow for quantitation.    
 
4.12 Potential role for Wnt2-mediated dendritic spine formation in disease 
 Several different anti-depressant drugs increase the expression of Wnt2, 
and viral-mediated overexpression of Wnt2 in the hippocampus alleviates 
depressive-like symptoms in some animal models of depression (Okamoto et al., 
2010).  Loss of hippocampal dendritic spines has been reported in the learned 
helplessness model of depression (Hajszan et al., 2009), and anti-depressant 
drug treatment has been shown to increase dendritic spine formation in the 
hippocampus (Norrholm and Ouimet, 2001) and cortex (Ampuero et al., 2010).  
My results suggest that Wnt2 may alleviate depressive-like symptoms by 
promoting dendritic spine and synapse formation.  Moreover, multiple studies 
have shown that BDNF is both necessary and sufficient for anti-depressant drug 
action (Banasr and Duman, 2008; Castren and Rantamaki, 2010; Duman and 
Monteggia, 2006; Schmidt et al., 2008; Yu and Chen, 2011), which leads to the 
interesting possibility that BDNF-mediated regulation of Wnt2 expression may 
serve as a mechanistic link between BDNF and the alleviation of symptoms 
during depression.  
 Wnt2 expression is reduced in the hippocampus and cortex of FMR1 
knockout mice, a mouse model for Fragile-X syndrome (Zhang et al., 2009).  
Fragile-X syndrome is a neurodevelopmental disorder believed to be caused by 
improper development of cortical circuitry and is characterized by an 
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overabundance of immature dendritic spines (Antar et al., 2006; Irwin et al., 
2001; Nimchinsky et al., 2001).  Furthermore, it has been suggested that the 
specific dendritic spine defect seen in Fragile-X syndrome is a result of increased 
instability of dendritic spine contacts (Cruz-Martin et al., 2010; Pan et al., 2010).  
My result showing that Wnt2 increases spine number, decreases spine length 
and increases spine head width in cortical neurons implicates Wnt2 deficiency as 
a causal event in the dendritic spine pathology seen in Fragile-X syndrome, and 
suggests that Wnt2 may function to stabilize dendritic spines during their 
maturation.  Further studies examining the effects of Wnt2 expression on the 
dynamics of dendritic spine formation and stabilization will provide insight into 
this possibility. 
 Fragile-X syndrome results from transcriptional silencing of the Fmr1 
gene, which causes a loss of Fragile-X mental retardation protein (FMRP).  In 
neurons, FMRP functions as a synaptic RNA-binding protein and regulates 
neuron growth and plasticity (Bassell and Warren, 2008).  One theory proposes 
that the underlying mechanistic cause of Fragile-X is that loss of FMRP leads to 
increases in LTD because of disruptions in local translation of proteins involved 
in synaptic plasticity (Bear et al., 2004).  As previously mentioned, Wnt2 mRNA 
in the striatum is enriched in populations of mRNAs that are associated with 
ribosomes, suggesting that translational regulation of Wnt2 may be important.  
Although I was unable to find FMRP target sequences within the 3’UTR of Wnt2, 
there are a number of other neuronal RNA binding proteins thought to regulate 
local translation in neurons (Liu-Yesucevitz et al., 2011).  In light of the ability of 
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BDNF to promote local translation of synaptic proteins, it would be interesting to 
determine whether BDNF regulates Wnt2 in such a manner. 
  One potential tool to use in experiments examining the post-
transcriptional regulation of Wnt2 is a Wnt2 overexpression construct that 
includes the endogenous murine Wnt2 3’UTR.  Initial experiments utilizing this 
construct indicate that overexpression of Wnt2 with its 3’UTR produces 
phenotypes similar to expression of the Wnt2 coding region alone.  However, 
there were some subtle differences.  The 3’UTR construct caused a stronger 
increase in cortical dendrite growth and branching (Appendix Fig. 6), but a 
smaller increase in dendritic spine density (Appendix Fig. 7).  Wnt2 expression 
with its 3’UTR caused a similar decrease in dendritic spine length compared with 
expression of the coding region alone (Appendix Fig. 7).  Although expression of 
the two different Wnt2 constructs produces similar phenotypes, the subtle 
differences suggest that the Wnt2 3’UTR might be important for Wnt2 function. 
 
4.13 The role of Wnt4 during BDNF-induced dendritic spine formation 
 Although the results that I present concerning the regulation of Wnt4 by 
BDNF and the role of Wn4 during dendritic spine formation are preliminary, the 
implications of these results are interesting nonetheless.  In contrast to the ability 
of BDNF to increase levels of Wnt2 mRNA, BDNF appears to decrease Wnt4 
mRNA expression in a rapid manner (Fig. 3.8, Appendix Fig. 14).  In the absence 
of data examining the rate of Wnt4 protein synthesis during BDNF treatment, it is 
difficult to formulate any concrete statements regarding overall Wnt4 expression.  
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Indeed, mRNA translation and mRNA stability are tightly coupled processes 
(Schoenberg and Maquat, 2012).  However, the data presented here initially 
suggest that Wnt4 expression may be downregulated by BDNF.   
 The rapid BDNF-induced decrease in Wnt4 mRNA is complicated by the 
fact that microarray analysis of FS-BDNFKO mice indicates that Wnt4 expression 
is decreased at P35 (Table 2.1).  Admittedly, the timescale and nature of the two 
expression assays that I present here (e.g., 4 hr. BDNF treatment vs. embryonic 
knockout of BDNF) are vastly different.  The downregulation of Wnt4 expression 
at P35 could reflect several indirect steps of regulation compensating for the 
initial loss of BDNF.  Interestingly, this may involve regulation of overall neural 
activity.  Indeed, increased neural activity (KCl treatment) appears to decrease 
levels Wnt4 mRNA while decreased neural activity (TTX treatment) appears to 
increase levels Wnt4 mRNA, suggesting that, at the very least, Wnt4 mRNA 
expression is sensitive to neural activity.  Given the ability of BDNF to regulate 
the formation of inhibitory neural circuits (Baldelli et al., 2005; Frerking et al., 
1998; Hong et al., 2008; Matsumoto et al., 2006; Ohba et al., 2005), it’s possible 
that increased excitatory drive due to improper development of inhibitory 
synapses could lead to a decrease in Wnt4 expression.  Future experiments 
aimed at examining the regulation of Wnt4 expression by both BDNF and neural 
activity in greater detail should help to clarify some of the conflicting initial results 
presented here. 
  Despite the conflicting nature of the results relating to BDNF-mediated 
regulation of Wnt4, I also present here that Wnt4 overexpression is sufficient to 
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increase dendritic spine density and decrease dendritic spine length in cortical 
neurons, suggesting that Wnt4 functions during dendritic spine formation.  My 
results are consistent with what has been published previously on the role of 
Wnt4 in the CNS.  Previous studies demonstrated that Wnt4 acts as an attractant 
for midline-crossing spinal cord axons during development (Lyuksyutova et al., 
2003; Wolf et al., 2008).  It is entirely possible that this role for Wnt4 is preserved 
within the developing and adult cortex, and that Wnt4 functions as a retrogradely 
secreted factor to influence excitatory synapse assembly in a presynaptic 
manner.  Indeed, Wnt4 is expressed in the mouse cortex at P14 (Fig. 3.7) and at 
P56 (Appendix Fig. 13) in pyramidal excitatory neurons, all of which is consistent 
with the ability of Wnt4 to promote dendritic spine formation. 
 
4.14 A potential role for Fzd3 in mediating Wnt4 signaling 
 Interestingly, the initial study demonstrating the role for Wnt4 during axon 
guidance suggested that Wnt4 might signal through the receptor Fzd3 to mediate 
this effect (Lyuksyutova et al., 2003).  I utilized the Allen Developing Mouse Brain 
Atlas to examine expression of Fzd3 in the P14 mouse brain and found that Fzd3 
is expressed in several regions of the brain at this time.  Fzd3 also appears to be 
expressed in the brain at P56 (Appendix Fig. 18).  Curiously, the expression of 
Fzd3 is different than that of Wnt4.  Specifically in the cortex, Fzd3 is expressed 
highly in layers II/III and IV.  Fzd3 expression is noticeably lower in layer V, 
where Wnt4 expression is highest.  Cortical layer V receives presynaptic input 
from all layers of the cortex (Briggs and Callaway, 2005), including layers II/III 
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and IV.  It is tempting to speculate that retrograde Wnt4 signaling from layer V 
pyramidal excitatory neurons signals through Fzd3 located on the presynaptic 
axons of layers II/III and IV in order to regulate dendritic spine formation within 
layer V.  Future experiments first testing the role of Fzd3 during dendritic spine 
formation would be a good place to start to examine this possibility.  Ultimately, 
Fzd3 loss-of-function should prevent the ability of Wnt4 to promote dendritic 
spine formation if this hypothesis is correct. 
 Finally, if BDNF does, in fact, downregulate Wnt4 expression while Wnt4 
is able to promote dendritic spine formation, then this suggests that the functional 
requirement for Wnt signaling during dendritic spine formation may be more 
complex than initially thought.  If these results prove to be consistent, the 
implication is that BDNF may bi-directionally regulate dendritic spine formation 
through Wnt signaling.  Experiments examining the expression of different Wnt 
proteins (such as Wnt2 and Wnt4) at dendritic spines and the kinetics of BDNF-
mediated regulation of those Wnts may help to determine why BDNF may 
differentially regulate multiple Wnts during dendritic spine formation. 
 
4.15 Wnts and Neurotrophins reciprocally regulate each other 
Neural synapses are an evolutionarily ancient structure thought to have 
evolved in early metazoans (Ryan and Grant, 2009).  Similarly, the emergence of 
the Wnt signaling pathway coincides with the emergence of metazoan life (Croce 
and McClay, 2008), consistent with the availability of Wnt signaling to play a 
fundamental role during the communication events surrounding synapse 
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formation.  In contrast, neurotrophin signaling pathways emerged more recently, 
with the ancestral neurotrophin believed to have arisen early in vertebrate 
evolution (Hallbook, 1999).  The later evolution of neurotrophins is entirely 
consistent with the possibility that the newly evolved neurotrophin signaling 
system was able to recruit the pre-existing Wnt signaling system in regulating 
interactions at synapses.  Indeed, NGF regulates Wnt5 expression during 
sympathetic nervous system development (Bodmer et al., 2009).  Interestingly, 
there is evidence for reciprocal regulation of neurotrophins by Wnts; several 
Wnts regulate Neurotrophin-3 expression during sensory nervous system 
development (Patapoutian et al., 1999), and BDNF expression is regulated by 
Wnt signaling in a Muller glia cell line (Yi et al., 2012).  I suggest that the 
neurotrophin and Wnt signaling systems mediate a communication dialog 
between neurons and their innervation targets that shapes the development and 
plasticity of neural circuitry in the cerebral cortex and elsewhere in the nervous 
system. 
 
 
  
 124 
REFERENCES 
 
Aakalu, G., Smith, W.B., Nguyen, N., Jiang, C., Schuman, E.M., 2001. Dynamic 
visualization of local protein synthesis in hippocampal neurons. Neuron 30, 489-
502. 
Abe, K., Chisaka, O., Van Roy, F., Takeichi, M., 2004. Stability of dendritic 
spines and synaptic contacts is controlled by alpha N-catenin. Nature 
neuroscience 7, 357-363. 
Ackermann, M., Matus, A., 2003. Activity-induced targeting of profilin and 
stabilization of dendritic spine morphology. Nature neuroscience 6, 1194-1200. 
Adachi, K., Mirzadeh, Z., Sakaguchi, M., Yamashita, T., Nikolcheva, T., Gotoh, 
Y., Peltz, G., Gong, L., Kawase, T., Alvarez-Buylla, A., Okano, H., Sawamoto, K., 
2007. Beta-catenin signaling promotes proliferation of progenitor cells in the adult 
mouse subventricular zone. Stem Cells 25, 2827-2836. 
Adachi, M., Barrot, M., Autry, A.E., Theobald, D., Monteggia, L.M., 2008. 
Selective loss of brain-derived neurotrophic factor in the dentate gyrus attenuates 
antidepressant efficacy. Biological psychiatry 63, 642-649. 
Adachi, N., Kohara, K., Tsumoto, T., 2005. Difference in trafficking of brain-
derived neurotrophic factor between axons and dendrites of cortical neurons, 
revealed by live-cell imaging. BMC neuroscience 6, 42. 
Adasme, T., Haeger, P., Paula-Lima, A.C., Espinoza, I., Casas-Alarcon, M.M., 
Carrasco, M.A., Hidalgo, C., 2011. Involvement of ryanodine receptors in 
neurotrophin-induced hippocampal synaptic plasticity and spatial memory 
formation. Proceedings of the National Academy of Sciences of the United States 
of America 108, 3029-3034. 
Ahmad-Annuar, A., Ciani, L., Simeonidis, I., Herreros, J., Fredj, N.B., Rosso, 
S.B., Hall, A., Brickley, S., Salinas, P.C., 2006. Signaling across the synapse: a 
role for Wnt and Dishevelled in presynaptic assembly and neurotransmitter 
release. The Journal of cell biology 174, 127-139. 
Alonso, M., Medina, J.H., Pozzo-Miller, L., 2004. ERK1/2 activation is necessary 
for BDNF to increase dendritic spine density in hippocampal CA1 pyramidal 
neurons. Learn Mem 11, 172-178. 
Alpar, A., Ueberham, U., Bruckner, M.K., Seeger, G., Arendt, T., Gartner, U., 
2006. Different dendrite and dendritic spine alterations in basal and apical arbors 
in mutant human amyloid precursor protein transgenic mice. Brain research 
1099, 189-198. 
 125 
Alvarez, V.A., Ridenour, D.A., Sabatini, B.L., 2006. Retraction of synapses and 
dendritic spines induced by off-target effects of RNA interference. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 26, 7820-7825. 
Alvarez, V.A., Sabatini, B.L., 2007. Anatomical and physiological plasticity of 
dendritic spines. Annual review of neuroscience 30, 79-97. 
Amaral, M.D., Pozzo-Miller, L., 2007. TRPC3 channels are necessary for brain-
derived neurotrophic factor to activate a nonselective cationic current and to 
induce dendritic spine formation. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 27, 5179-5189. 
Ampuero, E., Rubio, F.J., Falcon, R., Sandoval, M., Diaz-Veliz, G., Gonzalez, 
R.E., Earle, N., Dagnino-Subiabre, A., Aboitiz, F., Orrego, F., Wyneken, U., 2010. 
Chronic fluoxetine treatment induces structural plasticity and selective changes in 
glutamate receptor subunits in the rat cerebral cortex. Neuroscience 169, 98-108. 
An, J.J., Gharami, K., Liao, G.Y., Woo, N.H., Lau, A.G., Vanevski, F., Torre, E.R., 
Jones, K.R., Feng, Y., Lu, B., Xu, B., 2008. Distinct role of long 3' UTR BDNF 
mRNA in spine morphology and synaptic plasticity in hippocampal neurons. Cell 
134, 175-187. 
Antar, L.N., Li, C., Zhang, H., Carroll, R.C., Bassell, G.J., 2006. Local functions 
for FMRP in axon growth cone motility and activity-dependent regulation of 
filopodia and spine synapses. Molecular and cellular neurosciences 32, 37-48. 
Arellano, J.I., Espinosa, A., Fairen, A., Yuste, R., DeFelipe, J., 2007. Non-
synaptic dendritic spines in neocortex. Neuroscience 145, 464-469. 
Ataman, B., Ashley, J., Gorczyca, M., Ramachandran, P., Fouquet, W., Sigrist, 
S.J., Budnik, V., 2008. Rapid activity-dependent modifications in synaptic 
structure and function require bidirectional Wnt signaling. Neuron 57, 705-718. 
Baker, N.E., 1987. Molecular cloning of sequences from wingless, a segment 
polarity gene in Drosophila: the spatial distribution of a transcript in embryos. The 
EMBO journal 6, 1765-1773. 
Baldelli, P., Hernandez-Guijo, J.M., Carabelli, V., Carbone, E., 2005. Brain-
derived neurotrophic factor enhances GABA release probability and nonuniform 
distribution of N- and P/Q-type channels on release sites of hippocampal 
inhibitory synapses. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 25, 3358-3368. 
Baloyannis, S.J., Manolidis, S.L., Manolidis, L.S., 1992. The acoustic cortex in 
Alzheimer's disease. Acta oto-laryngologica. Supplementum 494, 1-13. 
 126 
Bamji, S.X., Rico, B., Kimes, N., Reichardt, L.F., 2006. BDNF mobilizes synaptic 
vesicles and enhances synapse formation by disrupting cadherin-beta-catenin 
interactions. The Journal of cell biology 174, 289-299. 
Banasr, M., Duman, R.S., 2008. Keeping 'trk' of antidepressant actions. Neuron 
59, 349-351. 
Baquet, Z.C., Gorski, J.A., Jones, K.R., 2004. Early striatal dendrite deficits 
followed by neuron loss with advanced age in the absence of anterograde 
cortical brain-derived neurotrophic factor. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 24, 4250-4258. 
Barde, Y.A., Edgar, D., Thoenen, H., 1982. Purification of a new neurotrophic 
factor from mammalian brain. The EMBO journal 1, 549-553. 
Bassell, G.J., Warren, S.T., 2008. Fragile X syndrome: loss of local mRNA 
regulation alters synaptic development and function. Neuron 60, 201-214. 
Bastrikova, N., Gardner, G.A., Reece, J.M., Jeromin, A., Dudek, S.M., 2008. 
Synapse elimination accompanies functional plasticity in hippocampal neurons. 
Proceedings of the National Academy of Sciences of the United States of 
America 105, 3123-3127. 
Bear, M.F., Cooper, L.N., Ebner, F.F., 1987. A physiological basis for a theory of 
synapse modification. Science 237, 42-48. 
Bear, M.F., Huber, K.M., Warren, S.T., 2004. The mGluR theory of fragile X 
mental retardation. Trends in neurosciences 27, 370-377. 
Bhanot, P., Brink, M., Samos, C.H., Hsieh, J.C., Wang, Y., Macke, J.P., Andrew, 
D., Nathans, J., Nusse, R., 1996. A new member of the frizzled family from 
Drosophila functions as a Wingless receptor. Nature 382, 225-230. 
Biason-Lauber, A., Konrad, D., 2008. WNT4 and sex development. Sexual 
development : genetics, molecular biology, evolution, endocrinology, embryology, 
and pathology of sex determination and differentiation 2, 210-218. 
Bibel, M., Barde, Y.A., 2000. Neurotrophins: key regulators of cell fate and cell 
shape in the vertebrate nervous system. Genes & development 14, 2919-2937. 
Blakely, B.D., Bye, C.R., Fernando, C.V., Horne, M.K., Macheda, M.L., Stacker, 
S.A., Arenas, E., Parish, C.L., 2011. Wnt5a regulates midbrain dopaminergic 
axon growth and guidance. PloS one 6, e18373. 
Bodmer, D., Levine-Wilkinson, S., Richmond, A., Hirsh, S., Kuruvilla, R., 2009. 
Wnt5a mediates nerve growth factor-dependent axonal branching and growth in 
developing sympathetic neurons. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 29, 7569-7581. 
 127 
Bovolenta, P., Esteve, P., Ruiz, J.M., Cisneros, E., Lopez-Rios, J., 2008. Beyond 
Wnt inhibition: new functions of secreted Frizzled-related proteins in development 
and disease. Journal of cell science 121, 737-746. 
Bramham, C.R., Wells, D.G., 2007. Dendritic mRNA: transport, translation and 
function. Nature reviews. Neuroscience 8, 776-789. 
Brigadski, T., Hartmann, M., Lessmann, V., 2005. Differential vesicular targeting 
and time course of synaptic secretion of the mammalian neurotrophins. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 25, 
7601-7614. 
Briggs, F., Callaway, E.M., 2005. Laminar patterns of local excitatory input to 
layer 5 neurons in macaque primary visual cortex. Cereb Cortex 15, 479-488. 
Brigman, J.L., Wright, T., Talani, G., Prasad-Mulcare, S., Jinde, S., Seabold, 
G.K., Mathur, P., Davis, M.I., Bock, R., Gustin, R.M., Colbran, R.J., Alvarez, V.A., 
Nakazawa, K., Delpire, E., Lovinger, D.M., Holmes, A., 2010. Loss of GluN2B-
containing NMDA receptors in CA1 hippocampus and cortex impairs long-term 
depression, reduces dendritic spine density, and disrupts learning. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 30, 4590-4600. 
Budnik, V., Salinas, P.C., 2011. Wnt signaling during synaptic development and 
plasticity. Current opinion in neurobiology 21, 151-159. 
Burns, M.E., Augustine, G.J., 1995. Synaptic structure and function: dynamic 
organization yields architectural precision. Cell 83, 187-194. 
Cabrera, C.V., Alonso, M.C., Johnston, P., Phillips, R.G., Lawrence, P.A., 1987. 
Phenocopies induced with antisense RNA identify the wingless gene. Cell 50, 
659-663. 
Cadigan, K.M., Nusse, R., 1997. Wnt signaling: a common theme in animal 
development. Genes & development 11, 3286-3305. 
Caldeira, M.V., Melo, C.V., Pereira, D.B., Carvalho, R., Correia, S.S., Backos, 
D.S., Carvalho, A.L., Esteban, J.A., Duarte, C.B., 2007a. Brain-derived 
neurotrophic factor regulates the expression and synaptic delivery of alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor subunits in 
hippocampal neurons. The Journal of biological chemistry 282, 12619-12628. 
Caldeira, M.V., Melo, C.V., Pereira, D.B., Carvalho, R.F., Carvalho, A.L., Duarte, 
C.B., 2007b. BDNF regulates the expression and traffic of NMDA receptors in 
cultured hippocampal neurons. Molecular and cellular neurosciences 35, 208-
219. 
Calella, A.M., Nerlov, C., Lopez, R.G., Sciarretta, C., von Bohlen und Halbach, 
O., Bereshchenko, O., Minichiello, L., 2007. Neurotrophin/Trk receptor signaling 
 128 
mediates C/EBPalpha, -beta and NeuroD recruitment to immediate-early gene 
promoters in neuronal cells and requires C/EBPs to induce immediate-early gene 
transcription. Neural development 2, 4. 
Canas, N., Pereira, I.T., Ribeiro, J.A., Sebastiao, A.M., 2004. Brain-derived 
neurotrophic factor facilitates glutamate and inhibits GABA release from 
hippocampal synaptosomes through different mechanisms. Brain research 1016, 
72-78. 
Capsoni, S., Tongiorgi, E., Cattaneo, A., Domenici, L., 1999. Dark rearing blocks 
the developmental down-regulation of brain-derived neurotrophic factor 
messenger RNA expression in layers IV and V of the rat visual cortex. 
Neuroscience 88, 393-403. 
Carmon, K.S., Loose, D.S., 2010. Development of a bioassay for detection of 
Wnt-binding affinities for individual frizzled receptors. Analytical biochemistry 
401, 288-294. 
Carvalho, A.L., Caldeira, M.V., Santos, S.D., Duarte, C.B., 2008. Role of the 
brain-derived neurotrophic factor at glutamatergic synapses. British journal of 
pharmacology 153 Suppl 1, S310-324. 
Castren, E., Rantamaki, T., 2010. The role of BDNF and its receptors in 
depression and antidepressant drug action: Reactivation of developmental 
plasticity. Developmental neurobiology 70, 289-297. 
Cerpa, W., Gambrill, A., Inestrosa, N.C., Barria, A., 2011. Regulation of NMDA-
receptor synaptic transmission by Wnt signaling. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 31, 9466-9471. 
Cerpa, W., Godoy, J.A., Alfaro, I., Farias, G.G., Metcalfe, M.J., Fuentealba, R., 
Bonansco, C., Inestrosa, N.C., 2008. Wnt-7a modulates the synaptic vesicle 
cycle and synaptic transmission in hippocampal neurons. The Journal of 
biological chemistry 283, 5918-5927. 
Chakravarthy, S., Saiepour, M.H., Bence, M., Perry, S., Hartman, R., Couey, J.J., 
Mansvelder, H.D., Levelt, C.N., 2006. Postsynaptic TrkB signaling has distinct 
roles in spine maintenance in adult visual cortex and hippocampus. Proceedings 
of the National Academy of Sciences of the United States of America 103, 1071-
1076. 
Chen, H.X., Otmakhov, N., Lisman, J., 1999. Requirements for LTP induction by 
pairing in hippocampal CA1 pyramidal cells. Journal of neurophysiology 82, 526-
532. 
Chen, J., Park, C.S., Tang, S.J., 2006. Activity-dependent synaptic Wnt release 
regulates hippocampal long term potentiation. The Journal of biological chemistry 
281, 11910-11916. 
 129 
Chen, W.G., Chang, Q., Lin, Y., Meissner, A., West, A.E., Griffith, E.C., Jaenisch, 
R., Greenberg, M.E., 2003. Derepression of BDNF transcription involves calcium-
dependent phosphorylation of MeCP2. Science 302, 885-889. 
Chenn, A., Walsh, C.A., 2002. Regulation of cerebral cortical size by control of 
cell cycle exit in neural precursors. Science 297, 365-369. 
Chien, Y.L., Wu, Y.Y., Chiu, Y.N., Liu, S.K., Tsai, W.C., Lin, P.I., Chen, C.H., 
Gau, S.S., Chien, W.H., 2011. Association study of the CNS patterning genes 
and autism in Han Chinese in Taiwan. Progress in neuro-psychopharmacology & 
biological psychiatry 35, 1512-1517. 
Ciani, L., Boyle, K.A., Dickins, E., Sahores, M., Anane, D., Lopes, D.M., Gibb, 
A.J., Salinas, P.C., 2011. Wnt7a signaling promotes dendritic spine growth and 
synaptic strength through Ca(2)(+)/Calmodulin-dependent protein kinase II. 
Proceedings of the National Academy of Sciences of the United States of 
America 108, 10732-10737. 
Clark, W.L., 1957. Inquiries into the anatomical basis of olfactory discrimination. 
Proc R Soc Lond B Biol Sci 146, 299-319. 
Cline, H., Haas, K., 2008. The regulation of dendritic arbor development and 
plasticity by glutamatergic synaptic input: a review of the synaptotrophic 
hypothesis. The Journal of physiology 586, 1509-1517. 
Coleman, P.D., Riesen, A.H., 1968. Evironmental effects on cortical dendritic 
fields. I. Rearing in the dark. Journal of anatomy 102, 363-374. 
Collingridge, G.L., Peineau, S., Howland, J.G., Wang, Y.T., 2010. Long-term 
depression in the CNS. Nature reviews. Neuroscience 11, 459-473. 
Conner, J.M., Lauterborn, J.C., Yan, Q., Gall, C.M., Varon, S., 1997. Distribution 
of brain-derived neurotrophic factor (BDNF) protein and mRNA in the normal 
adult rat CNS: evidence for anterograde axonal transport. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 17, 2295-2313. 
Craig, A.M., Graf, E.R., Linhoff, M.W., 2006. How to build a central synapse: 
clues from cell culture. Trends in neurosciences 29, 8-20. 
Croce, J.C., McClay, D.R., 2008. Evolution of the Wnt pathways. Methods Mol 
Biol 469, 3-18. 
Crozier, R.A., Wang, Y., Liu, C.H., Bear, M.F., 2007. Deprivation-induced 
synaptic depression by distinct mechanisms in different layers of mouse visual 
cortex. Proceedings of the National Academy of Sciences of the United States of 
America 104, 1383-1388. 
 130 
Cruz-Martin, A., Crespo, M., Portera-Cailliau, C., 2010. Delayed stabilization of 
dendritic spines in fragile X mice. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 30, 7793-7803. 
Cuitino, L., Godoy, J.A., Farias, G.G., Couve, A., Bonansco, C., Fuenzalida, M., 
Inestrosa, N.C., 2010. Wnt-5a modulates recycling of functional GABAA 
receptors on hippocampal neurons. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 30, 8411-8420. 
Cunha, C., Brambilla, R., Thomas, K.L., 2010. A simple role for BDNF in learning 
and memory? Frontiers in molecular neuroscience 3, 1. 
Danzer, S.C., 2012. Depression, stress, epilepsy and adult neurogenesis. 
Experimental neurology 233, 22-32. 
Davis, E.K., Zou, Y., Ghosh, A., 2008. Wnts acting through canonical and 
noncanonical signaling pathways exert opposite effects on hippocampal synapse 
formation. Neural development 3, 32. 
De Roo, M., Klauser, P., Mendez, P., Poglia, L., Muller, D., 2008. Activity-
dependent PSD formation and stabilization of newly formed spines in 
hippocampal slice cultures. Cereb Cortex 18, 151-161. 
Dieni, S., Matsumoto, T., Dekkers, M., Rauskolb, S., Ionescu, M.S., Deogracias, 
R., Gundelfinger, E.D., Kojima, M., Nestel, S., Frotscher, M., Barde, Y.A., 2012. 
BDNF and its pro-peptide are stored in presynaptic dense core vesicles in brain 
neurons. The Journal of cell biology 196, 775-788. 
Dindot, S.V., Antalffy, B.A., Bhattacharjee, M.B., Beaudet, A.L., 2008. The 
Angelman syndrome ubiquitin ligase localizes to the synapse and nucleus, and 
maternal deficiency results in abnormal dendritic spine morphology. Human 
molecular genetics 17, 111-118. 
Doyle, J.P., Dougherty, J.D., Heiman, M., Schmidt, E.F., Stevens, T.R., Ma, G., 
Bupp, S., Shrestha, P., Shah, R.D., Doughty, M.L., Gong, S., Greengard, P., 
Heintz, N., 2008. Application of a translational profiling approach for the 
comparative analysis of CNS cell types. Cell 135, 749-762. 
Drake, C.T., Milner, T.A., Patterson, S.L., 1999. Ultrastructural localization of full-
length trkB immunoreactivity in rat hippocampus suggests multiple roles in 
modulating activity-dependent synaptic plasticity. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 19, 8009-8026. 
Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stress-related 
mood disorders. Biological psychiatry 59, 1116-1127. 
Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana, B.S., 
Bertolino, A., Zaitsev, E., Gold, B., Goldman, D., Dean, M., Lu, B., Weinberger, 
 131 
D.R., 2003. The BDNF val66met polymorphism affects activity-dependent 
secretion of BDNF and human memory and hippocampal function. Cell 112, 257-
269. 
Ehrlich, I., Klein, M., Rumpel, S., Malinow, R., 2007. PSD-95 is required for 
activity-driven synapse stabilization. Proceedings of the National Academy of 
Sciences of the United States of America 104, 4176-4181. 
Einstein, G., Buranosky, R., Crain, B.J., 1994. Dendritic pathology of granule 
cells in Alzheimer's disease is unrelated to neuritic plaques. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 14, 5077-5088. 
El-Husseini, A.E., Schnell, E., Chetkovich, D.M., Nicoll, R.A., Bredt, D.S., 2000. 
PSD-95 involvement in maturation of excitatory synapses. Science 290, 1364-
1368. 
Elizalde, C., Campa, V.M., Caro, M., Schlangen, K., Aransay, A.M., Vivanco, M., 
Kypta, R.M., 2011. Distinct roles for Wnt-4 and Wnt-11 during retinoic acid-
induced neuronal differentiation. Stem Cells 29, 141-153. 
Engert, F., Bonhoeffer, T., 1999. Dendritic spine changes associated with 
hippocampal long-term synaptic plasticity. Nature 399, 66-70. 
Farias, G.G., Alfaro, I.E., Cerpa, W., Grabowski, C.P., Godoy, J.A., Bonansco, 
C., Inestrosa, N.C., 2009. Wnt-5a/JNK signaling promotes the clustering of PSD-
95 in hippocampal neurons. The Journal of biological chemistry 284, 15857-
15866. 
Farias, G.G., Valles, A.S., Colombres, M., Godoy, J.A., Toledo, E.M., Lukas, 
R.J., Barrantes, F.J., Inestrosa, N.C., 2007. Wnt-7a induces presynaptic 
colocalization of alpha 7-nicotinic acetylcholine receptors and adenomatous 
polyposis coli in hippocampal neurons. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 27, 5313-5325. 
Fawcett, J.P., Bamji, S.X., Causing, C.G., Aloyz, R., Ase, A.R., Reader, T.A., 
McLean, J.H., Miller, F.D., 1998. Functional evidence that BDNF is an 
anterograde neuronal trophic factor in the CNS. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 18, 2808-2821. 
Ferrer, I., Guionnet, N., Cruz-Sanchez, F., Tunon, T., 1990. Neuronal alterations 
in patients with dementia: a Golgi study on biopsy samples. Neuroscience letters 
114, 11-16. 
Fiala, J.C., Feinberg, M., Popov, V., Harris, K.M., 1998. Synaptogenesis via 
dendritic filopodia in developing hippocampal area CA1. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 18, 8900-8911. 
 132 
Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T., Lu, B., 1996. Regulation 
of synaptic responses to high-frequency stimulation and LTP by neurotrophins in 
the hippocampus. Nature 381, 706-709. 
Fradkin, L.G., Noordermeer, J.N., Nusse, R., 1995. The Drosophila Wnt protein 
DWnt-3 is a secreted glycoprotein localized on the axon tracts of the embryonic 
CNS. Developmental biology 168, 202-213. 
Freese, J.L., Pino, D., Pleasure, S.J., 2010. Wnt signaling in development and 
disease. Neurobiology of disease 38, 148-153. 
Frerking, M., Malenka, R.C., Nicoll, R.A., 1998. Brain-derived neurotrophic factor 
(BDNF) modulates inhibitory, but not excitatory, transmission in the CA1 region 
of the hippocampus. Journal of neurophysiology 80, 3383-3386. 
Fukazawa, Y., Saitoh, Y., Ozawa, F., Ohta, Y., Mizuno, K., Inokuchi, K., 2003. 
Hippocampal LTP is accompanied by enhanced F-actin content within the 
dendritic spine that is essential for late LTP maintenance in vivo. Neuron 38, 447-
460. 
Gaiddon, C., Loeffler, J.P., Larmet, Y., 1996. Brain-derived neurotrophic factor 
stimulates AP-1 and cyclic AMP-responsive element dependent transcriptional 
activity in central nervous system neurons. Journal of neurochemistry 66, 2279-
2286. 
Galli, L.M., Barnes, T., Cheng, T., Acosta, L., Anglade, A., Willert, K., Nusse, R., 
Burrus, L.W., 2006. Differential inhibition of Wnt-3a by Sfrp-1, Sfrp-2, and Sfrp-3. 
Developmental dynamics : an official publication of the American Association of 
Anatomists 235, 681-690. 
Gao, C., Chen, Y.G., 2010. Dishevelled: The hub of Wnt signaling. Cellular 
signalling 22, 717-727. 
Garcia-Lopez, P., Garcia-Marin, V., Freire, M., 2010. Dendritic spines and 
development: towards a unifying model of spinogenesis--a present day review of 
Cajal's histological slides and drawings. Neural plasticity 2010, 769207. 
Garner, C.C., Waites, C.L., Ziv, N.E., 2006. Synapse development: still looking 
for the forest, still lost in the trees. Cell and tissue research 326, 249-262. 
Geschwind, D.H., Levitt, P., 2007. Autism spectrum disorders: developmental 
disconnection syndromes. Current opinion in neurobiology 17, 103-111. 
Ghosh, A., Carnahan, J., Greenberg, M.E., 1994. Requirement for BDNF in 
activity-dependent survival of cortical neurons. Science 263, 1618-1623. 
 133 
Glantz, L.A., Lewis, D.A., 2000. Decreased dendritic spine density on prefrontal 
cortical pyramidal neurons in schizophrenia. Archives of general psychiatry 57, 
65-73. 
Gogolla, N., Galimberti, I., Deguchi, Y., Caroni, P., 2009. Wnt signaling mediates 
experience-related regulation of synapse numbers and mossy fiber connectivities 
in the adult hippocampus. Neuron 62, 510-525. 
Gomes, R.A., Hampton, C., El-Sabeawy, F., Sabo, S.L., McAllister, A.K., 2006. 
The dynamic distribution of TrkB receptors before, during, and after synapse 
formation between cortical neurons. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 26, 11487-11500. 
Goodman, L.J., Valverde, J., Lim, F., Geschwind, M.D., Federoff, H.J., Geller, 
A.I., Hefti, F., 1996. Regulated release and polarized localization of brain-derived 
neurotrophic factor in hippocampal neurons. Molecular and cellular 
neurosciences 7, 222-238. 
Gorski, J.A., Zeiler, S.R., Tamowski, S., Jones, K.R., 2003. Brain-derived 
neurotrophic factor is required for the maintenance of cortical dendrites. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 23, 
6856-6865. 
Goss, A.M., Tian, Y., Tsukiyama, T., Cohen, E.D., Zhou, D., Lu, M.M., 
Yamaguchi, T.P., Morrisey, E.E., 2009. Wnt2/2b and beta-catenin signaling are 
necessary and sufficient to specify lung progenitors in the foregut. 
Developmental cell 17, 290-298. 
Gottschalk, W., Pozzo-Miller, L.D., Figurov, A., Lu, B., 1998. Presynaptic 
modulation of synaptic transmission and plasticity by brain-derived neurotrophic 
factor in the developing hippocampus. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 18, 6830-6839. 
Grutzendler, J., Kasthuri, N., Gan, W.B., 2002. Long-term dendritic spine stability 
in the adult cortex. Nature 420, 812-816. 
Hajszan, T., Dow, A., Warner-Schmidt, J.L., Szigeti-Buck, K., Sallam, N.L., 
Parducz, A., Leranth, C., Duman, R.S., 2009. Remodeling of hippocampal spine 
synapses in the rat learned helplessness model of depression. Biological 
psychiatry 65, 392-400. 
Hall, A.C., Lucas, F.R., Salinas, P.C., 2000. Axonal remodeling and synaptic 
differentiation in the cerebellum is regulated by WNT-7a signaling. Cell 100, 525-
535. 
Hallbook, F., 1999. Evolution of the vertebrate neurotrophin and Trk receptor 
gene families. Current opinion in neurobiology 9, 616-621. 
 134 
Harris, K.M., 1999. Structure, development, and plasticity of dendritic spines. 
Current opinion in neurobiology 9, 343-348. 
Harris, K.M., Kater, S.B., 1994. Dendritic spines: cellular specializations 
imparting both stability and flexibility to synaptic function. Annual review of 
neuroscience 17, 341-371. 
Hartmann, M., Heumann, R., Lessmann, V., 2001. Synaptic secretion of BDNF 
after high-frequency stimulation of glutamatergic synapses. The EMBO journal 
20, 5887-5897. 
Harvey, C.D., Svoboda, K., 2007. Locally dynamic synaptic learning rules in 
pyramidal neuron dendrites. Nature 450, 1195-1200. 
Haubensak, W., Narz, F., Heumann, R., Lessmann, V., 1998. BDNF-GFP 
containing secretory granules are localized in the vicinity of synaptic junctions of 
cultured cortical neurons. Journal of cell science 111 ( Pt 11), 1483-1493. 
He, C.X., Portera-Cailliau, C., 2012. The trouble with spines in fragile X 
syndrome: density, maturity and plasticity. Neuroscience. 
Henriquez, J.P., Webb, A., Bence, M., Bildsoe, H., Sahores, M., Hughes, S.M., 
Salinas, P.C., 2008. Wnt signaling promotes AChR aggregation at the 
neuromuscular synapse in collaboration with agrin. Proceedings of the National 
Academy of Sciences of the United States of America 105, 18812-18817. 
Heynen, A.J., Yoon, B.J., Liu, C.H., Chung, H.J., Huganir, R.L., Bear, M.F., 2003. 
Molecular mechanism for loss of visual cortical responsiveness following brief 
monocular deprivation. Nature neuroscience 6, 854-862. 
Hirano, A., Dembitzer, H.M., 1973. Cerebellar alterations in the weaver mouse. 
The Journal of cell biology 56, 478-486. 
Hirokawa, N., Sobue, K., Kanda, K., Harada, A., Yorifuji, H., 1989. The 
cytoskeletal architecture of the presynaptic terminal and molecular structure of 
synapsin 1. The Journal of cell biology 108, 111-126. 
Holtmaat, A., Wilbrecht, L., Knott, G.W., Welker, E., Svoboda, K., 2006. 
Experience-dependent and cell-type-specific spine growth in the neocortex. 
Nature 441, 979-983. 
Holtmaat, A.J., Trachtenberg, J.T., Wilbrecht, L., Shepherd, G.M., Zhang, X., 
Knott, G.W., Svoboda, K., 2005. Transient and persistent dendritic spines in the 
neocortex in vivo. Neuron 45, 279-291. 
Hong, E.J., McCord, A.E., Greenberg, M.E., 2008. A biological function for the 
neuronal activity-dependent component of Bdnf transcription in the development 
of cortical inhibition. Neuron 60, 610-624. 
 135 
Horch, H.W., Kruttgen, A., Portbury, S.D., Katz, L.C., 1999. Destabilization of 
cortical dendrites and spines by BDNF. Neuron 23, 353-364. 
Hsieh, J.C., Rattner, A., Smallwood, P.M., Nathans, J., 1999. Biochemical 
characterization of Wnt-frizzled interactions using a soluble, biologically active 
vertebrate Wnt protein. Proceedings of the National Academy of Sciences of the 
United States of America 96, 3546-3551. 
Huang, E.J., Reichardt, L.F., 2001. Neurotrophins: roles in neuronal development 
and function. Annual review of neuroscience 24, 677-736. 
Huang, H., He, X., 2008. Wnt/beta-catenin signaling: new (and old) players and 
new insights. Current opinion in cell biology 20, 119-125. 
Hutchins, B.I., Li, L., Kalil, K., 2011. Wnt/calcium signaling mediates axon growth 
and guidance in the developing corpus callosum. Developmental neurobiology 
71, 269-283. 
Hutsler, J.J., Zhang, H., 2010. Increased dendritic spine densities on cortical 
projection neurons in autism spectrum disorders. Brain research 1309, 83-94. 
Huttenlocher, P.R., 1970. Dendritic development and mental defect. Neurology 
20, 381. 
Huttenlocher, P.R., 1974. Dendritic development in neocortex of children with 
mental defect and infantile spasms. Neurology 24, 203-210. 
Inaki, M., Yoshikawa, S., Thomas, J.B., Aburatani, H., Nose, A., 2007. Wnt4 is a 
local repulsive cue that determines synaptic target specificity. Current biology : 
CB 17, 1574-1579. 
Irwin, S.A., Patel, B., Idupulapati, M., Harris, J.B., Crisostomo, R.A., Larsen, B.P., 
Kooy, F., Willems, P.J., Cras, P., Kozlowski, P.B., Swain, R.A., Weiler, I.J., 
Greenough, W.T., 2001. Abnormal dendritic spine characteristics in the temporal 
and visual cortices of patients with fragile-X syndrome: a quantitative 
examination. American journal of medical genetics 98, 161-167. 
Jing, L., Lefebvre, J.L., Gordon, L.R., Granato, M., 2009. Wnt signals organize 
synaptic prepattern and axon guidance through the zebrafish unplugged/MuSK 
receptor. Neuron 61, 721-733. 
Johnson, A.W., Chen, X., Crombag, H.S., Zhang, C., Smith, D.R., Shokat, K.M., 
Gallagher, M., Holland, P.C., Ginty, D.D., 2008. The brain-derived neurotrophic 
factor receptor TrkB is critical for the acquisition but not expression of 
conditioned incentive value. The European journal of neuroscience 28, 997-1002. 
 136 
Jones, W.H., Thomas, D.B., 1962. Changes in the dendritic organization of 
neurons in the cerebral cortex following deafferentation. Journal of anatomy 96, 
375-381. 
Jourdain, P., Fukunaga, K., Muller, D., 2003. Calcium/calmodulin-dependent 
protein kinase II contributes to activity-dependent filopodia growth and spine 
formation. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 23, 10645-10649. 
Jourdi, H., Iwakura, Y., Narisawa-Saito, M., Ibaraki, K., Xiong, H., Watanabe, M., 
Hayashi, Y., Takei, N., Nawa, H., 2003. Brain-derived neurotrophic factor signal 
enhances and maintains the expression of AMPA receptor-associated PDZ 
proteins in developing cortical neurons. Developmental biology 263, 216-230. 
Jovanovic, J.N., Czernik, A.J., Fienberg, A.A., Greengard, P., Sihra, T.S., 2000. 
Synapsins as mediators of BDNF-enhanced neurotransmitter release. Nature 
neuroscience 3, 323-329. 
Kang, H., Schuman, E.M., 1995. Long-lasting neurotrophin-induced 
enhancement of synaptic transmission in the adult hippocampus. Science 267, 
1658-1662. 
Kanhema, T., Dagestad, G., Panja, D., Tiron, A., Messaoudi, E., Havik, B., Ying, 
S.W., Nairn, A.C., Sonenberg, N., Bramham, C.R., 2006. Dual regulation of 
translation initiation and peptide chain elongation during BDNF-induced LTP in 
vivo: evidence for compartment-specific translation control. Journal of 
neurochemistry 99, 1328-1337. 
Kaplan, D.R., Miller, F.D., 2000. Neurotrophin signal transduction in the nervous 
system. Current opinion in neurobiology 10, 381-391. 
Katoh, M., 2002. Regulation of WNT signaling molecules by retinoic acid during 
neuronal differentiation in NT2 cells: threshold model of WNT action (review). 
International journal of molecular medicine 10, 683-687. 
Katoh, M., 2003. WNT2 and human gastrointestinal cancer (review). International 
journal of molecular medicine 12, 811-816. 
Kennedy, M.B., 2000. Signal-processing machines at the postsynaptic density. 
Science 290, 750-754. 
Kim, C.H., Lisman, J.E., 1999. A role of actin filament in synaptic transmission 
and long-term potentiation. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 19, 4314-4324. 
Kispert, A., Vainio, S., McMahon, A.P., 1998. Wnt-4 is a mesenchymal signal for 
epithelial transformation of metanephric mesenchyme in the developing kidney. 
Development 125, 4225-4234. 
 137 
Klassen, M.P., Shen, K., 2007. Wnt signaling positions neuromuscular 
connectivity by inhibiting synapse formation in C. elegans. Cell 130, 704-716. 
Klingensmith, J., Nusse, R., 1994. Signaling by wingless in Drosophila. 
Developmental biology 166, 396-414. 
Knott, G.W., Holtmaat, A., Wilbrecht, L., Welker, E., Svoboda, K., 2006. Spine 
growth precedes synapse formation in the adult neocortex in vivo. Nature 
neuroscience 9, 1117-1124. 
Kohara, K., Kitamura, A., Morishima, M., Tsumoto, T., 2001. Activity-dependent 
transfer of brain-derived neurotrophic factor to postsynaptic neurons. Science 
291, 2419-2423. 
Kohn, A.D., Moon, R.T., 2005. Wnt and calcium signaling: beta-catenin-
independent pathways. Cell calcium 38, 439-446. 
Kolluri, N., Sun, Z., Sampson, A.R., Lewis, D.A., 2005. Lamina-specific 
reductions in dendritic spine density in the prefrontal cortex of subjects with 
schizophrenia. The American journal of psychiatry 162, 1200-1202. 
Kolomeets, N.S., Orlovskaya, D.D., Rachmanova, V.I., Uranova, N.A., 2005. 
Ultrastructural alterations in hippocampal mossy fiber synapses in schizophrenia: 
a postmortem morphometric study. Synapse 57, 47-55. 
Kopec, C.D., Real, E., Kessels, H.W., Malinow, R., 2007. GluR1 links structural 
and functional plasticity at excitatory synapses. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 27, 13706-13718. 
Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H., Bonhoeffer, T., 1995. 
Hippocampal long-term potentiation is impaired in mice lacking brain-derived 
neurotrophic factor. Proceedings of the National Academy of Sciences of the 
United States of America 92, 8856-8860. 
Krucker, T., Siggins, G.R., Halpain, S., 2000. Dynamic actin filaments are 
required for stable long-term potentiation (LTP) in area CA1 of the hippocampus. 
Proceedings of the National Academy of Sciences of the United States of 
America 97, 6856-6861. 
Krylova, O., Herreros, J., Cleverley, K.E., Ehler, E., Henriquez, J.P., Hughes, 
S.M., Salinas, P.C., 2002. WNT-3, expressed by motoneurons, regulates 
terminal arborization of neurotrophin-3-responsive spinal sensory neurons. 
Neuron 35, 1043-1056. 
Kuczewski, N., Porcher, C., Gaiarsa, J.L., 2010. Activity-dependent dendritic 
secretion of brain-derived neurotrophic factor modulates synaptic plasticity. The 
European journal of neuroscience 32, 1239-1244. 
 138 
Landis, D.M., 1988. Membrane and cytoplasmic structure at synaptic junctions in 
the mammalian central nervous system. Journal of electron microscopy 
technique 10, 129-151. 
Landis, D.M., Reese, T.S., 1977. Structure of the Purkinje cell membrane in 
staggerer and weaver mutant mice. The Journal of comparative neurology 171, 
247-260. 
Le Floch, N., Rivat, C., De Wever, O., Bruyneel, E., Mareel, M., Dale, T., 
Gespach, C., 2005. The proinvasive activity of Wnt-2 is mediated through a 
noncanonical Wnt pathway coupled to GSK-3beta and c-Jun/AP-1 signaling. 
FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology 19, 144-146. 
LeBlanc, J.J., Fagiolini, M., 2011. Autism: a "critical period" disorder? Neural 
plasticity 2011, 921680. 
Lee, S.M., Tole, S., Grove, E., McMahon, A.P., 2000. A local Wnt-3a signal is 
required for development of the mammalian hippocampus. Development 127, 
457-467. 
Lessmann, V., Brigadski, T., 2009. Mechanisms, locations, and kinetics of 
synaptic BDNF secretion: an update. Neuroscience research 65, 11-22. 
Levinson, J.N., El-Husseini, A., 2005. New players tip the scales in the balance 
between excitatory and inhibitory synapses. Molecular pain 1, 12. 
Li, J., Nguyen, L., Gleason, C., Lotspeich, L., Spiker, D., Risch, N., Myers, R.M., 
2004. Lack of evidence for an association between WNT2 and RELN 
polymorphisms and autism. American journal of medical genetics. Part B, 
Neuropsychiatric genetics : the official publication of the International Society of 
Psychiatric Genetics 126B, 51-57. 
Li, L., Hutchins, B.I., Kalil, K., 2009. Wnt5a induces simultaneous cortical axon 
outgrowth and repulsive axon guidance through distinct signaling mechanisms. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 
29, 5873-5883. 
Lie, D.C., Colamarino, S.A., Song, H.J., Desire, L., Mira, H., Consiglio, A., Lein, 
E.S., Jessberger, S., Lansford, H., Dearie, A.R., Gage, F.H., 2005. Wnt signalling 
regulates adult hippocampal neurogenesis. Nature 437, 1370-1375. 
Lin, P.I., Chien, Y.L., Wu, Y.Y., Chen, C.H., Gau, S.S., Huang, Y.S., Liu, S.K., 
Tsai, W.C., Chiu, Y.N., 2012. The WNT2 gene polymorphism associated with 
speech delay inherent to autism. Research in developmental disabilities 33, 
1533-1540. 
 139 
Lin, Y.C., Koleske, A.J., 2010. Mechanisms of synapse and dendrite 
maintenance and their disruption in psychiatric and neurodegenerative disorders. 
Annual review of neuroscience 33, 349-378. 
Liu-Yesucevitz, L., Bassell, G.J., Gitler, A.D., Hart, A.C., Klann, E., Richter, J.D., 
Warren, S.T., Wolozin, B., 2011. Local RNA translation at the synapse and in 
disease. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 31, 16086-16093. 
Logan, C.Y., Nusse, R., 2004. The Wnt signaling pathway in development and 
disease. Annual review of cell and developmental biology 20, 781-810. 
Lohmann, C., Bonhoeffer, T., 2008. A role for local calcium signaling in rapid 
synaptic partner selection by dendritic filopodia. Neuron 59, 253-260. 
Lohmann, C., Myhr, K.L., Wong, R.O., 2002. Transmitter-evoked local calcium 
release stabilizes developing dendrites. Nature 418, 177-181. 
Lucas, F.R., Goold, R.G., Gordon-Weeks, P.R., Salinas, P.C., 1998. Inhibition of 
GSK-3beta leading to the loss of phosphorylated MAP-1B is an early event in 
axonal remodelling induced by WNT-7a or lithium. Journal of cell science 111 ( 
Pt 10), 1351-1361. 
Lucas, F.R., Salinas, P.C., 1997. WNT-7a induces axonal remodeling and 
increases synapsin I levels in cerebellar neurons. Developmental biology 192, 
31-44. 
Luikart, B.W., Nef, S., Virmani, T., Lush, M.E., Liu, Y., Kavalali, E.T., Parada, 
L.F., 2005. TrkB has a cell-autonomous role in the establishment of hippocampal 
Schaffer collateral synapses. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 25, 3774-3786. 
Luo, Z.G., Wang, Q., Zhou, J.Z., Wang, J., Luo, Z., Liu, M., He, X., Wynshaw-
Boris, A., Xiong, W.C., Lu, B., Mei, L., 2002. Regulation of AChR clustering by 
Dishevelled interacting with MuSK and PAK1. Neuron 35, 489-505. 
Lyons, J.P., Mueller, U.W., Ji, H., Everett, C., Fang, X., Hsieh, J.C., Barth, A.M., 
McCrea, P.D., 2004. Wnt-4 activates the canonical beta-catenin-mediated Wnt 
pathway and binds Frizzled-6 CRD: functional implications of Wnt/beta-catenin 
activity in kidney epithelial cells. Experimental cell research 298, 369-387. 
Lyuksyutova, A.I., Lu, C.C., Milanesio, N., King, L.A., Guo, N., Wang, Y., 
Nathans, J., Tessier-Lavigne, M., Zou, Y., 2003. Anterior-posterior guidance of 
commissural axons by Wnt-frizzled signaling. Science 302, 1984-1988. 
Mabb, A.M., Judson, M.C., Zylka, M.J., Philpot, B.D., 2011. Angelman syndrome: 
insights into genomic imprinting and neurodevelopmental phenotypes. Trends in 
neurosciences 34, 293-303. 
 140 
MacDonald, B.T., Tamai, K., He, X., 2009. Wnt/beta-catenin signaling: 
components, mechanisms, and diseases. Developmental cell 17, 9-26. 
Madara, J.C., Levine, E.S., 2008. Presynaptic and postsynaptic NMDA receptors 
mediate distinct effects of brain-derived neurotrophic factor on synaptic 
transmission. Journal of neurophysiology 100, 3175-3184. 
Madsen, T.M., Newton, S.S., Eaton, M.E., Russell, D.S., Duman, R.S., 2003. 
Chronic electroconvulsive seizure up-regulates beta-catenin expression in rat 
hippocampus: role in adult neurogenesis. Biological psychiatry 54, 1006-1014. 
Maisonpierre, P.C., Belluscio, L., Friedman, B., Alderson, R.F., Wiegand, S.J., 
Furth, M.E., Lindsay, R.M., Yancopoulos, G.D., 1990. NT-3, BDNF, and NGF in 
the developing rat nervous system: parallel as well as reciprocal patterns of 
expression. Neuron 5, 501-509. 
Majewska, A.K., Newton, J.R., Sur, M., 2006. Remodeling of synaptic structure in 
sensory cortical areas in vivo. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 26, 3021-3029. 
Maletic-Savatic, M., Malinow, R., Svoboda, K., 1999. Rapid dendritic 
morphogenesis in CA1 hippocampal dendrites induced by synaptic activity. 
Science 283, 1923-1927. 
Malinauskas, T., Aricescu, A.R., Lu, W., Siebold, C., Jones, E.Y., 2011. Modular 
mechanism of Wnt signaling inhibition by Wnt inhibitory factor 1. Nature structural 
& molecular biology 18, 886-893. 
Malinow, R., Malenka, R.C., 2002. AMPA receptor trafficking and synaptic 
plasticity. Annual review of neuroscience 25, 103-126. 
Mariani, J., Crepel, F., Mikoshiba, K., Changeux, J.P., Sotelo, C., 1977. 
Anatomical, physiological and biochemical studies of the cerebellum from Reeler 
mutant mouse. Philosophical transactions of the Royal Society of London. Series 
B, Biological sciences 281, 1-28. 
Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., Wu, C., 
2004. Interneurons of the neocortical inhibitory system. Nature reviews. 
Neuroscience 5, 793-807. 
Marui, T., Funatogawa, I., Koishi, S., Yamamoto, K., Matsumoto, H., Hashimoto, 
O., Jinde, S., Nishida, H., Sugiyama, T., Kasai, K., Watanabe, K., Kano, Y., Kato, 
N., 2010. Association between autism and variants in the wingless-type MMTV 
integration site family member 2 ( WNT2) gene. Int J Neuropsychopharmacol 13, 
443-449. 
 141 
Mathew, D., Ataman, B., Chen, J., Zhang, Y., Cumberledge, S., Budnik, V., 2005. 
Wingless signaling at synapses is through cleavage and nuclear import of 
receptor DFrizzled2. Science 310, 1344-1347. 
Matsumoto, T., Numakawa, T., Yokomaku, D., Adachi, N., Yamagishi, S., 
Numakawa, Y., Kunugi, H., Taguchi, T., 2006. Brain-derived neurotrophic factor-
induced potentiation of glutamate and GABA release: different dependency on 
signaling pathways and neuronal activity. Molecular and cellular neurosciences 
31, 70-84. 
Matsuzaki, M., Ellis-Davies, G.C., Nemoto, T., Miyashita, Y., Iino, M., Kasai, H., 
2001. Dendritic spine geometry is critical for AMPA receptor expression in 
hippocampal CA1 pyramidal neurons. Nature neuroscience 4, 1086-1092. 
Matsuzaki, M., Honkura, N., Ellis-Davies, G.C., Kasai, H., 2004. Structural basis 
of long-term potentiation in single dendritic spines. Nature 429, 761-766. 
Matthews, M.R., Powell, T.P., 1962. Some observations on transneuronal cell 
degeneration in the olfactory bulb of the rabbit. Journal of anatomy 96, 89-102. 
McAllister, A.K., 2007. Dynamic aspects of CNS synapse formation. Annual 
review of neuroscience 30, 425-450. 
McAllister, A.K., Katz, L.C., Lo, D.C., 1996. Neurotrophin regulation of cortical 
dendritic growth requires activity. Neuron 17, 1057-1064. 
McAllister, A.K., Katz, L.C., Lo, D.C., 1997. Opposing roles for endogenous 
BDNF and NT-3 in regulating cortical dendritic growth. Neuron 18, 767-778. 
McCarty, J.H., Feinstein, S.C., 1998. Activation loop tyrosines contribute varying 
roles to TrkB autophosphorylation and signal transduction. Oncogene 16, 1691-
1700. 
McCoy, P.A., Shao, Y., Wolpert, C.M., Donnelly, S.L., Ashley-Koch, A., Abel, 
H.L., Ravan, S.A., Abramson, R.K., Wright, H.H., DeLong, G.R., Cuccaro, M.L., 
Gilbert, J.R., Pericak-Vance, M.A., 2002. No association between the WNT2 
gene and autistic disorder. American journal of medical genetics 114, 106-109. 
McMahon, A.P., Bradley, A., 1990. The Wnt-1 (int-1) proto-oncogene is required 
for development of a large region of the mouse brain. Cell 62, 1073-1085. 
McMahon, A.P., Moon, R.T., 1989. Ectopic expression of the proto-oncogene int-
1 in Xenopus embryos leads to duplication of the embryonic axis. Cell 58, 1075-
1084. 
McMahon, J.A., McMahon, A.P., 1989. Nucleotide sequence, chromosomal 
localization and developmental expression of the mouse int-1-related gene. 
Development 107, 643-650. 
 142 
Messaoudi, E., Bardsen, K., Srebro, B., Bramham, C.R., 1998. Acute 
intrahippocampal infusion of BDNF induces lasting potentiation of synaptic 
transmission in the rat dentate gyrus. Journal of neurophysiology 79, 496-499. 
Miech, C., Pauer, H.U., He, X., Schwarz, T.L., 2008. Presynaptic local signaling 
by a canonical wingless pathway regulates development of the Drosophila 
neuromuscular junction. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 28, 10875-10884. 
Minichiello, L., Korte, M., Wolfer, D., Kuhn, R., Unsicker, K., Cestari, V., Rossi-
Arnaud, C., Lipp, H.P., Bonhoeffer, T., Klein, R., 1999. Essential role for TrkB 
receptors in hippocampus-mediated learning. Neuron 24, 401-414. 
Monkley, S.J., Delaney, S.J., Pennisi, D.J., Christiansen, J.H., Wainwright, B.J., 
1996. Targeted disruption of the Wnt2 gene results in placentation defects. 
Development 122, 3343-3353. 
Mowla, S.J., Pareek, S., Farhadi, H.F., Petrecca, K., Fawcett, J.P., Seidah, N.G., 
Morris, S.J., Sossin, W.S., Murphy, R.A., 1999. Differential sorting of nerve 
growth factor and brain-derived neurotrophic factor in hippocampal neurons. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 19, 
2069-2080. 
Murase, S., Mosser, E., Schuman, E.M., 2002. Depolarization drives beta-
Catenin into neuronal spines promoting changes in synaptic structure and 
function. Neuron 35, 91-105. 
Nagerl, U.V., Eberhorn, N., Cambridge, S.B., Bonhoeffer, T., 2004. Bidirectional 
activity-dependent morphological plasticity in hippocampal neurons. Neuron 44, 
759-767. 
Nakata, H., Nakamura, S., 2007. Brain-derived neurotrophic factor regulates 
AMPA receptor trafficking to post-synaptic densities via IP3R and TRPC calcium 
signaling. FEBS letters 581, 2047-2054. 
Nawa, H., Carnahan, J., Gall, C., 1995. BDNF protein measured by a novel 
enzyme immunoassay in normal brain and after seizure: partial disagreement 
with mRNA levels. The European journal of neuroscience 7, 1527-1535. 
Nicholls, R.E., Alarcon, J.M., Malleret, G., Carroll, R.C., Grody, M., Vronskaya, 
S., Kandel, E.R., 2008. Transgenic mice lacking NMDAR-dependent LTD exhibit 
deficits in behavioral flexibility. Neuron 58, 104-117. 
Niell, C.M., Meyer, M.P., Smith, S.J., 2004. In vivo imaging of synapse formation 
on a growing dendritic arbor. Nature neuroscience 7, 254-260. 
 143 
Nimchinsky, E.A., Oberlander, A.M., Svoboda, K., 2001. Abnormal development 
of dendritic spines in FMR1 knock-out mice. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 21, 5139-5146. 
Nimchinsky, E.A., Sabatini, B.L., Svoboda, K., 2002. Structure and function of 
dendritic spines. Annual review of physiology 64, 313-353. 
Nishimura, M., Owens, J., Swann, J.W., 2008. Effects of chronic network 
hyperexcitability on the growth of hippocampal dendrites. Neurobiology of 
disease 29, 267-277. 
Norrholm, S.D., Ouimet, C.C., 2001. Altered dendritic spine density in animal 
models of depression and in response to antidepressant treatment. Synapse 42, 
151-163. 
Nusse, R., Varmus, H.E., 1982. Many tumors induced by the mouse mammary 
tumor virus contain a provirus integrated in the same region of the host genome. 
Cell 31, 99-109. 
Ohba, S., Ikeda, T., Ikegaya, Y., Nishiyama, N., Matsuki, N., Yamada, M.K., 
2005. BDNF locally potentiates GABAergic presynaptic machineries: target-
selective circuit inhibition. Cereb Cortex 15, 291-298. 
Okamoto, H., Voleti, B., Banasr, M., Sarhan, M., Duric, V., Girgenti, M.J., 
Dileone, R.J., Newton, S.S., Duman, R.S., 2010. Wnt2 expression and signaling 
is increased by different classes of antidepressant treatments. Biological 
psychiatry 68, 521-527. 
Okamoto, K., Nagai, T., Miyawaki, A., Hayashi, Y., 2004. Rapid and persistent 
modulation of actin dynamics regulates postsynaptic reorganization underlying 
bidirectional plasticity. Nature neuroscience 7, 1104-1112. 
Onizuka, T., Yuasa, S., Kusumoto, D., Shimoji, K., Egashira, T., Ohno, Y., 
Kageyama, T., Tanaka, T., Hattori, F., Fujita, J., Ieda, M., Kimura, K., Makino, S., 
Sano, M., Kudo, A., Fukuda, K., 2012. Wnt2 accelerates cardiac myocyte 
differentiation from ES-cell derived mesodermal cells via non-canonical pathway. 
Journal of molecular and cellular cardiology 52, 650-659. 
Packard, M., Mathew, D., Budnik, V., 2003. Wnts and TGF beta in 
synaptogenesis: old friends signalling at new places. Nature reviews. 
Neuroscience 4, 113-120. 
Paganoni, S., Bernstein, J., Ferreira, A., 2010. Ror1-Ror2 complexes modulate 
synapse formation in hippocampal neurons. Neuroscience 165, 1261-1274. 
Pan, F., Aldridge, G.M., Greenough, W.T., Gan, W.B., 2010. Dendritic spine 
instability and insensitivity to modulation by sensory experience in a mouse 
 144 
model of fragile X syndrome. Proceedings of the National Academy of Sciences 
of the United States of America 107, 17768-17773. 
Pang, P.T., Teng, H.K., Zaitsev, E., Woo, N.T., Sakata, K., Zhen, S., Teng, K.K., 
Yung, W.H., Hempstead, B.L., Lu, B., 2004. Cleavage of proBDNF by 
tPA/plasmin is essential for long-term hippocampal plasticity. Science 306, 487-
491. 
Papa, M., Segal, M., 1996. Morphological plasticity in dendritic spines of cultured 
hippocampal neurons. Neuroscience 71, 1005-1011. 
Park, J.K., Song, J.H., He, T.C., Nam, S.W., Lee, J.Y., Park, W.S., 2009. 
Overexpression of Wnt-2 in colorectal cancers. Neoplasma 56, 119-123. 
Patapoutian, A., Backus, C., Kispert, A., Reichardt, L.F., 1999. Regulation of 
neurotrophin-3 expression by epithelial-mesenchymal interactions: the role of 
Wnt factors. Science 283, 1180-1183. 
Patterson, S.L., Abel, T., Deuel, T.A., Martin, K.C., Rose, J.C., Kandel, E.R., 
1996. Recombinant BDNF rescues deficits in basal synaptic transmission and 
hippocampal LTP in BDNF knockout mice. Neuron 16, 1137-1145. 
Peng, Y.R., He, S., Marie, H., Zeng, S.Y., Ma, J., Tan, Z.J., Lee, S.Y., Malenka, 
R.C., Yu, X., 2009. Coordinated changes in dendritic arborization and synaptic 
strength during neural circuit development. Neuron 61, 71-84. 
Pereira, D.B., Rebola, N., Rodrigues, R.J., Cunha, R.A., Carvalho, A.P., Duarte, 
C.B., 2006. Trkb receptors modulation of glutamate release is limited to a subset 
of nerve terminals in the adult rat hippocampus. Journal of neuroscience 
research 83, 832-844. 
Peters, A., Kaiserman-Abramof, I.R., 1970. The small pyramidal neuron of the rat 
cerebral cortex. The perikaryon, dendrites and spines. The American journal of 
anatomy 127, 321-355. 
Phillips, G.R., Huang, J.K., Wang, Y., Tanaka, H., Shapiro, L., Zhang, W., Shan, 
W.S., Arndt, K., Frank, M., Gordon, R.E., Gawinowicz, M.A., Zhao, Y., Colman, 
D.R., 2001. The presynaptic particle web: ultrastructure, composition, dissolution, 
and reconstitution. Neuron 32, 63-77. 
Poulain, M., Ober, E.A., 2011. Interplay between Wnt2 and Wnt2bb controls 
multiple steps of early foregut-derived organ development. Development 138, 
3557-3568. 
Pozzo-Miller, L., 2006. BDNF enhances dendritic Ca2+ signals evoked by 
coincident EPSPs and back-propagating action potentials in CA1 pyramidal 
neurons. Brain research 1104, 45-54. 
 145 
Pozzo-Miller, L.D., Gottschalk, W., Zhang, L., McDermott, K., Du, J., 
Gopalakrishnan, R., Oho, C., Sheng, Z.H., Lu, B., 1999. Impairments in high-
frequency transmission, synaptic vesicle docking, and synaptic protein 
distribution in the hippocampus of BDNF knockout mice. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 19, 4972-4983. 
Probst, A., Basler, V., Bron, B., Ulrich, J., 1983. Neuritic plaques in senile 
dementia of Alzheimer type: a Golgi analysis in the hippocampal region. Brain 
research 268, 249-254. 
Purpura, D.P., 1974. Dendritic spine "dysgenesis" and mental retardation. 
Science 186, 1126-1128. 
Purpura, D.P., 1975. Dendritic differentiation in human cerebral cortex: normal 
and aberrant developmental patterns. Advances in neurology 12, 91-134. 
Purro, S.A., Dickins, E.M., Salinas, P.C., 2012. The secreted Wnt antagonist 
Dickkopf-1 is required for amyloid beta-mediated synaptic loss. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 32, 3492-3498. 
Rajan, I., Witte, S., Cline, H.T., 1999. NMDA receptor activity stabilizes 
presynaptic retinotectal axons and postsynaptic optic tectal cell dendrites in vivo. 
Journal of neurobiology 38, 357-368. 
Rakic, P., Sidman, R.L., 1973. Organization of cerebellar cortex secondary to 
deficit of granule cells in weaver mutant mice. The Journal of comparative 
neurology 152, 133-161. 
Ramachandran, B., Frey, J.U., 2009. Interfering with the actin network and its 
effect on long-term potentiation and synaptic tagging in hippocampal CA1 
neurons in slices in vitro. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 29, 12167-12173. 
Rattner, A., Hsieh, J.C., Smallwood, P.M., Gilbert, D.J., Copeland, N.G., Jenkins, 
N.A., Nathans, J., 1997. A family of secreted proteins contains homology to the 
cysteine-rich ligand-binding domain of frizzled receptors. Proceedings of the 
National Academy of Sciences of the United States of America 94, 2859-2863. 
Rauskolb, S., Zagrebelsky, M., Dreznjak, A., Deogracias, R., Matsumoto, T., 
Wiese, S., Erne, B., Sendtner, M., Schaeren-Wiemers, N., Korte, M., Barde, Y.A., 
2010. Global deprivation of brain-derived neurotrophic factor in the CNS reveals 
an area-specific requirement for dendritic growth. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 30, 1739-1749. 
Reichardt, L.F., 2006. Neurotrophin-regulated signalling pathways. Philosophical 
transactions of the Royal Society of London. Series B, Biological sciences 361, 
1545-1564. 
 146 
Rijsewijk, F., Schuermann, M., Wagenaar, E., Parren, P., Weigel, D., Nusse, R., 
1987. The Drosophila homolog of the mouse mammary oncogene int-1 is 
identical to the segment polarity gene wingless. Cell 50, 649-657. 
Romand, S., Wang, Y., Toledo-Rodriguez, M., Markram, H., 2011. Morphological 
development of thick-tufted layer v pyramidal cells in the rat somatosensory 
cortex. Frontiers in neuroanatomy 5, 5. 
Rosso, S.B., Sussman, D., Wynshaw-Boris, A., Salinas, P.C., 2005. Wnt 
signaling through Dishevelled, Rac and JNK regulates dendritic development. 
Nature neuroscience 8, 34-42. 
Rubin, J.S., Barshishat-Kupper, M., Feroze-Merzoug, F., Xi, Z.F., 2006. Secreted 
WNT antagonists as tumor suppressors: pro and con. Frontiers in bioscience : a 
journal and virtual library 11, 2093-2105. 
Rubinson, D.A., Dillon, C.P., Kwiatkowski, A.V., Sievers, C., Yang, L., Kopinja, J., 
Rooney, D.L., Zhang, M., Ihrig, M.M., McManus, M.T., Gertler, F.B., Scott, M.L., 
Van Parijs, L., 2003. A lentivirus-based system to functionally silence genes in 
primary mammalian cells, stem cells and transgenic mice by RNA interference. 
Nature genetics 33, 401-406. 
Ryan, T.J., Grant, S.G., 2009. The origin and evolution of synapses. Nature 
reviews. Neuroscience 10, 701-712. 
Sahores, M., Gibb, A., Salinas, P.C., 2010. Frizzled-5, a receptor for the synaptic 
organizer Wnt7a, regulates activity-mediated synaptogenesis. Development 137, 
2215-2225. 
Sala, R., Viegi, A., Rossi, F.M., Pizzorusso, T., Bonanno, G., Raiteri, M., Maffei, 
L., 1998. Nerve growth factor and brain-derived neurotrophic factor increase 
neurotransmitter release in the rat visual cortex. The European journal of 
neuroscience 10, 2185-2191. 
Scheiffele, P., 2003. Cell-cell signaling during synapse formation in the CNS. 
Annual review of neuroscience 26, 485-508. 
Schmidt, H.D., Banasr, M., Duman, R.S., 2008. Future Antidepressant Targets: 
Neurotrophic Factors and Related Signaling Cascades. Drug discovery today. 
Therapeutic strategies 5, 151-156. 
Schoenberg, D.R., Maquat, L.E., 2012. Regulation of cytoplasmic mRNA decay. 
Nature reviews. Genetics 13, 246-259. 
Segal, M., Greenberger, V., Korkotian, E., 2003. Formation of dendritic spines in 
cultured striatal neurons depends on excitatory afferent activity. The European 
journal of neuroscience 17, 2573-2585. 
 147 
Semenov, M.V., Tamai, K., Brott, B.K., Kuhl, M., Sokol, S., He, X., 2001. Head 
inducer Dickkopf-1 is a ligand for Wnt coreceptor LRP6. Current biology : CB 11, 
951-961. 
Sfakianos, M.K., Eisman, A., Gourley, S.L., Bradley, W.D., Scheetz, A.J., 
Settleman, J., Taylor, J.R., Greer, C.A., Williamson, A., Koleske, A.J., 2007. 
Inhibition of Rho via Arg and p190RhoGAP in the postnatal mouse hippocampus 
regulates dendritic spine maturation, synapse and dendrite stability, and 
behavior. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 27, 10982-10992. 
Sharma, R.P., Chopra, V.L., 1976. Effect of the Wingless (wg1) mutation on wing 
and haltere development in Drosophila melanogaster. Developmental biology 48, 
461-465. 
Sheng, M., 2001. Molecular organization of the postsynaptic specialization. 
Proceedings of the National Academy of Sciences of the United States of 
America 98, 7058-7061. 
Shi, Y., He, B., Kuchenbecker, K.M., You, L., Xu, Z., Mikami, I., Yagui-Beltran, 
A., Clement, G., Lin, Y.C., Okamoto, J., Bravo, D.T., Jablons, D.M., 2007. 
Inhibition of Wnt-2 and galectin-3 synergistically destabilizes beta-catenin and 
induces apoptosis in human colorectal cancer cells. International journal of 
cancer. Journal international du cancer 121, 1175-1181. 
Shieh, P.B., Ghosh, A., 1999. Molecular mechanisms underlying activity-
dependent regulation of BDNF expression. Journal of neurobiology 41, 127-134. 
Shimada, A., Mason, C.A., Morrison, M.E., 1998. TrkB signaling modulates spine 
density and morphology independent of dendrite structure in cultured neonatal 
Purkinje cells. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 18, 8559-8570. 
Shirayama, Y., Chen, A.C., Nakagawa, S., Russell, D.S., Duman, R.S., 2002. 
Brain-derived neurotrophic factor produces antidepressant effects in behavioral 
models of depression. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 22, 3251-3261. 
Sholl, D.A., 1954. The organization of the visula cortex in the cat. The Journal of 
physiology 124, 23-24P. 
Sotelo, C., 1975. Anatomical, physiological and biochemical studies of the 
cerebellum from mutant mice. II. Morphological study of cerebellar cortical 
neurons and circuits in the weaver mouse. Brain research 94, 19-44. 
Sotelo, C., 1977. Formation of presynaptic dendrites in the rat cerebellum 
following neonatal X-irradiation. Neuroscience 2, 275-283. 
 148 
Sousa, K.M., Villaescusa, J.C., Cajanek, L., Ondr, J.K., Castelo-Branco, G., 
Hofstra, W., Bryja, V., Palmberg, C., Bergman, T., Wainwright, B., Lang, R.A., 
Arenas, E., 2010. Wnt2 regulates progenitor proliferation in the developing 
ventral midbrain. The Journal of biological chemistry 285, 7246-7253. 
Spires, T.L., Meyer-Luehmann, M., Stern, E.A., McLean, P.J., Skoch, J., Nguyen, 
P.T., Bacskai, B.J., Hyman, B.T., 2005. Dendritic spine abnormalities in amyloid 
precursor protein transgenic mice demonstrated by gene transfer and intravital 
multiphoton microscopy. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 25, 7278-7287. 
Spires-Jones, T.L., Meyer-Luehmann, M., Osetek, J.D., Jones, P.B., Stern, E.A., 
Bacskai, B.J., Hyman, B.T., 2007. Impaired spine stability underlies plaque-
related spine loss in an Alzheimer's disease mouse model. The American journal 
of pathology 171, 1304-1311. 
Stark, K., Vainio, S., Vassileva, G., McMahon, A.P., 1994. Epithelial 
transformation of metanephric mesenchyme in the developing kidney regulated 
by Wnt-4. Nature 372, 679-683. 
Strand, A.D., Baquet, Z.C., Aragaki, A.K., Holmans, P., Yang, L., Cleren, C., 
Beal, M.F., Jones, L., Kooperberg, C., Olson, J.M., Jones, K.R., 2007. 
Expression profiling of Huntington's disease models suggests that brain-derived 
neurotrophic factor depletion plays a major role in striatal degeneration. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 27, 
11758-11768. 
Strochlic, L., Falk, J., Goillot, E., Sigoillot, S., Bourgeois, F., Delers, P., Rouviere, 
J., Swain, A., Castellani, V., Schaeffer, L., Legay, C., 2012. Wnt4 participates in 
the formation of vertebrate neuromuscular junction. PloS one 7, e29976. 
Sweet, R.A., Henteleff, R.A., Zhang, W., Sampson, A.R., Lewis, D.A., 2009. 
Reduced dendritic spine density in auditory cortex of subjects with schizophrenia. 
Neuropsychopharmacology : official publication of the American College of 
Neuropsychopharmacology 34, 374-389. 
Tabata, T., Takei, Y., 2004. Morphogens, their identification and regulation. 
Development 131, 703-712. 
Tabatadze, N., Tomas, C., McGonigal, R., Lin, B., Schook, A., Routtenberg, A., 
2011. WNT transmembrane signaling and long-term spatial memory. 
Hippocampus. 
Tabuchi, A., Sakaya, H., Kisukeda, T., Fushiki, H., Tsuda, M., 2002. Involvement 
of an upstream stimulatory factor as well as cAMP-responsive element-binding 
protein in the activation of brain-derived neurotrophic factor gene promoter I. The 
Journal of biological chemistry 277, 35920-35931. 
 149 
Takahashi, H., Liu, F.C., 2006. Genetic patterning of the mammalian 
telencephalon by morphogenetic molecules and transcription factors. Birth 
defects research. Part C, Embryo today : reviews 78, 256-266. 
Takei, N., Inamura, N., Kawamura, M., Namba, H., Hara, K., Yonezawa, K., 
Nawa, H., 2004. Brain-derived neurotrophic factor induces mammalian target of 
rapamycin-dependent local activation of translation machinery and protein 
synthesis in neuronal dendrites. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 24, 9760-9769. 
Tamai, K., Semenov, M., Kato, Y., Spokony, R., Liu, C., Katsuyama, Y., Hess, F., 
Saint-Jeannet, J.P., He, X., 2000. LDL-receptor-related proteins in Wnt signal 
transduction. Nature 407, 530-535. 
Tanaka, J., Horiike, Y., Matsuzaki, M., Miyazaki, T., Ellis-Davies, G.C., Kasai, H., 
2008. Protein synthesis and neurotrophin-dependent structural plasticity of single 
dendritic spines. Science 319, 1683-1687. 
Tao, X., West, A.E., Chen, W.G., Corfas, G., Greenberg, M.E., 2002. A calcium-
responsive transcription factor, CaRF, that regulates neuronal activity-dependent 
expression of BDNF. Neuron 33, 383-395. 
Terry-Lorenzo, R.T., Roadcap, D.W., Otsuka, T., Blanpied, T.A., Zamorano, P.L., 
Garner, C.C., Shenolikar, S., Ehlers, M.D., 2005. Neurabin/protein phosphatase-
1 complex regulates dendritic spine morphogenesis and maturation. Molecular 
biology of the cell 16, 2349-2362. 
Thomas, K.R., Capecchi, M.R., 1990. Targeted disruption of the murine int-1 
proto-oncogene resulting in severe abnormalities in midbrain and cerebellar 
development. Nature 346, 847-850. 
Togashi, H., Abe, K., Mizoguchi, A., Takaoka, K., Chisaka, O., Takeichi, M., 
2002. Cadherin regulates dendritic spine morphogenesis. Neuron 35, 77-89. 
Tongiorgi, E., Righi, M., Cattaneo, A., 1997. Activity-dependent dendritic 
targeting of BDNF and TrkB mRNAs in hippocampal neurons. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 17, 9492-9505. 
Toni, N., Buchs, P.A., Nikonenko, I., Bron, C.R., Muller, D., 1999. LTP promotes 
formation of multiple spine synapses between a single axon terminal and a 
dendrite. Nature 402, 421-425. 
Trachtenberg, J.T., Chen, B.E., Knott, G.W., Feng, G., Sanes, J.R., Welker, E., 
Svoboda, K., 2002. Long-term in vivo imaging of experience-dependent synaptic 
plasticity in adult cortex. Nature 420, 788-794. 
Tropea, D., Capsoni, S., Tongiorgi, E., Giannotta, S., Cattaneo, A., Domenici, L., 
2001. Mismatch between BDNF mRNA and protein expression in the developing 
 150 
visual cortex: the role of visual experience. The European journal of 
neuroscience 13, 709-721. 
Turrigiano, G., 2011. Too many cooks? Intrinsic and synaptic homeostatic 
mechanisms in cortical circuit refinement. Annual review of neuroscience 34, 89-
103. 
Tyler, W.J., Pozzo-Miller, L., 2003. Miniature synaptic transmission and BDNF 
modulate dendritic spine growth and form in rat CA1 neurones. The Journal of 
physiology 553, 497-509. 
Tyler, W.J., Pozzo-Miller, L.D., 2001. BDNF enhances quantal neurotransmitter 
release and increases the number of docked vesicles at the active zones of 
hippocampal excitatory synapses. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 21, 4249-4258. 
Vainio, S., Heikkila, M., Kispert, A., Chin, N., McMahon, A.P., 1999. Female 
development in mammals is regulated by Wnt-4 signalling. Nature 397, 405-409. 
van Amerongen, R., Nusse, R., 2009. Towards an integrated view of Wnt 
signaling in development. Development 136, 3205-3214. 
van Ooyen, A., Nusse, R., 1984. Structure and nucleotide sequence of the 
putative mammary oncogene int-1; proviral insertions leave the protein-encoding 
domain intact. Cell 39, 233-240. 
Varela-Nallar, L., Alfaro, I.E., Serrano, F.G., Parodi, J., Inestrosa, N.C., 2010. 
Wingless-type family member 5A (Wnt-5a) stimulates synaptic differentiation and 
function of glutamatergic synapses. Proceedings of the National Academy of 
Sciences of the United States of America 107, 21164-21169. 
Varela-Nallar, L., Grabowski, C.P., Alfaro, I.E., Alvarez, A.R., Inestrosa, N.C., 
2009. Role of the Wnt receptor Frizzled-1 in presynaptic differentiation and 
function. Neural development 4, 41. 
Varoqueaux, F., Sigler, A., Rhee, J.S., Brose, N., Enk, C., Reim, K., Rosenmund, 
C., 2002. Total arrest of spontaneous and evoked synaptic transmission but 
normal synaptogenesis in the absence of Munc13-mediated vesicle priming. 
Proceedings of the National Academy of Sciences of the United States of 
America 99, 9037-9042. 
Verhage, M., Maia, A.S., Plomp, J.J., Brussaard, A.B., Heeroma, J.H., Vermeer, 
H., Toonen, R.F., Hammer, R.E., van den Berg, T.K., Missler, M., Geuze, H.J., 
Sudhof, T.C., 2000. Synaptic assembly of the brain in the absence of 
neurotransmitter secretion. Science 287, 864-869. 
 151 
Vigers, A.J., Amin, D.S., Talley-Farnham, T., Gorski, J.A., Xu, B., Jones, K.R., 
2012. Sustained expression of brain-derived neurotrophic factor is required for 
maintenance of dendritic spines and normal behavior. Neuroscience 212, 1-18. 
von Bohlen und Halbach, O., Minichiello, L., Unsicker, K., 2008. TrkB but not trkC 
receptors are necessary for postnatal maintenance of hippocampal spines. 
Neurobiology of aging 29, 1247-1255. 
Wainwright, B.J., Scambler, P.J., Stanier, P., Watson, E.K., Bell, G., Wicking, C., 
Estivill, X., Courtney, M., Boue, A., Pedersen, P.S., et al., 1988. Isolation of a 
human gene with protein sequence similarity to human and murine int-1 and the 
Drosophila segment polarity mutant wingless. The EMBO journal 7, 1743-1748. 
Waites, C.L., Craig, A.M., Garner, C.C., 2005. Mechanisms of vertebrate 
synaptogenesis. Annual review of neuroscience 28, 251-274. 
Wang, J., Luo, Z.G., 2008. The role of Wnt/beta-catenin signaling in postsynaptic 
differentiation. Communicative & integrative biology 1, 158-160. 
Wang, W., Xue, L., Wang, P., 2011. Prognostic value of beta-catenin, c-myc, and 
cyclin D1 expressions in patients with esophageal squamous cell carcinoma. 
Med Oncol 28, 163-169. 
Wang, Y., Nathans, J., 2007. Tissue/planar cell polarity in vertebrates: new 
insights and new questions. Development 134, 647-658. 
Wang, Y., Thekdi, N., Smallwood, P.M., Macke, J.P., Nathans, J., 2002. Frizzled-
3 is required for the development of major fiber tracts in the rostral CNS. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 22, 
8563-8573. 
Wassink, T.H., Piven, J., Vieland, V.J., Huang, J., Swiderski, R.E., Pietila, J., 
Braun, T., Beck, G., Folstein, S.E., Haines, J.L., Sheffield, V.C., 2001. Evidence 
supporting WNT2 as an autism susceptibility gene. American journal of medical 
genetics 105, 406-413. 
Wayman, G.A., Impey, S., Marks, D., Saneyoshi, T., Grant, W.F., Derkach, V., 
Soderling, T.R., 2006. Activity-dependent dendritic arborization mediated by 
CaM-kinase I activation and enhanced CREB-dependent transcription of Wnt-2. 
Neuron 50, 897-909. 
Wehrli, M., Dougan, S.T., Caldwell, K., O'Keefe, L., Schwartz, S., Vaizel-Ohayon, 
D., Schejter, E., Tomlinson, A., DiNardo, S., 2000. arrow encodes an LDL-
receptor-related protein essential for Wingless signalling. Nature 407, 527-530. 
Wirth, M.J., Brun, A., Grabert, J., Patz, S., Wahle, P., 2003. Accelerated dendritic 
development of rat cortical pyramidal cells and interneurons after biolistic 
transfection with BDNF and NT4/5. Development 130, 5827-5838. 
 152 
Wodarz, A., Nusse, R., 1998. Mechanisms of Wnt signaling in development. 
Annual review of cell and developmental biology 14, 59-88. 
Wolf, A.M., Lyuksyutova, A.I., Fenstermaker, A.G., Shafer, B., Lo, C.G., Zou, Y., 
2008. Phosphatidylinositol-3-kinase-atypical protein kinase C signaling is 
required for Wnt attraction and anterior-posterior axon guidance. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 28, 3456-3467. 
Woodhead, G.J., Mutch, C.A., Olson, E.C., Chenn, A., 2006. Cell-autonomous 
beta-catenin signaling regulates cortical precursor proliferation. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 26, 12620-
12630. 
Wu, G.Y., Cline, H.T., 1998. Stabilization of dendritic arbor structure in vivo by 
CaMKII. Science 279, 222-226. 
Wu, G.Y., Zou, D.J., Rajan, I., Cline, H., 1999. Dendritic dynamics in vivo change 
during neuronal maturation. The Journal of neuroscience : the official journal of 
the Society for Neuroscience 19, 4472-4483. 
Wu, K., Xu, J.L., Suen, P.C., Levine, E., Huang, Y.Y., Mount, H.T., Lin, S.Y., 
Black, I.B., 1996. Functional trkB neurotrophin receptors are intrinsic components 
of the adult brain postsynaptic density. Brain research. Molecular brain research 
43, 286-290. 
Xu, B., Gottschalk, W., Chow, A., Wilson, R.I., Schnell, E., Zang, K., Wang, D., 
Nicoll, R.A., Lu, B., Reichardt, L.F., 2000a. The role of brain-derived neurotrophic 
factor receptors in the mature hippocampus: modulation of long-term potentiation 
through a presynaptic mechanism involving TrkB. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 20, 6888-6897. 
Xu, B., Zang, K., Ruff, N.L., Zhang, Y.A., McConnell, S.K., Stryker, M.P., 
Reichardt, L.F., 2000b. Cortical degeneration in the absence of neurotrophin 
signaling: dendritic retraction and neuronal loss after removal of the receptor 
TrkB. Neuron 26, 233-245. 
Xu, H.T., Pan, F., Yang, G., Gan, W.B., 2007. Choice of cranial window type for 
in vivo imaging affects dendritic spine turnover in the cortex. Nature 
neuroscience 10, 549-551. 
Yashiro, K., Riday, T.T., Condon, K.H., Roberts, A.C., Bernardo, D.R., Prakash, 
R., Weinberg, R.J., Ehlers, M.D., Philpot, B.D., 2009. Ube3a is required for 
experience-dependent maturation of the neocortex. Nature neuroscience 12, 
777-783. 
Yi, H., Hu, J., Qian, J., Hackam, A.S., 2012. Expression of brain-derived 
neurotrophic factor is regulated by the Wnt signaling pathway. Neuroreport 23, 
189-194. 
 153 
Yoshii, A., Constantine-Paton, M., 2007. BDNF induces transport of PSD-95 to 
dendrites through PI3K-AKT signaling after NMDA receptor activation. Nature 
neuroscience 10, 702-711. 
Yoshii, A., Constantine-Paton, M., 2010. Postsynaptic BDNF-TrkB signaling in 
synapse maturation, plasticity, and disease. Developmental neurobiology 70, 
304-322. 
Yoshikawa, S., McKinnon, R.D., Kokel, M., Thomas, J.B., 2003. Wnt-mediated 
axon guidance via the Drosophila Derailed receptor. Nature 422, 583-588. 
You, L., He, B., Xu, Z., Uematsu, K., Mazieres, J., Mikami, I., Reguart, N., 
Moody, T.W., Kitajewski, J., McCormick, F., Jablons, D.M., 2004. Inhibition of 
Wnt-2-mediated signaling induces programmed cell death in non-small-cell lung 
cancer cells. Oncogene 23, 6170-6174. 
Yu, H., Chen, Z.Y., 2011. The role of BDNF in depression on the basis of its 
location in the neural circuitry. Acta pharmacologica Sinica 32, 3-11. 
Yu, X., Malenka, R.C., 2003. Beta-catenin is critical for dendritic morphogenesis. 
Nature neuroscience 6, 1169-1177. 
Yu, X., Malenka, R.C., 2004. Multiple functions for the cadherin/catenin complex 
during neuronal development. Neuropharmacology 47, 779-786. 
Yuste, R., Bonhoeffer, T., 2001. Morphological changes in dendritic spines 
associated with long-term synaptic plasticity. Annual review of neuroscience 24, 
1071-1089. 
Yuste, R., Bonhoeffer, T., 2004. Genesis of dendritic spines: insights from 
ultrastructural and imaging studies. Nature reviews. Neuroscience 5, 24-34. 
Zeng, H., Chattarji, S., Barbarosie, M., Rondi-Reig, L., Philpot, B.D., Miyakawa, 
T., Bear, M.F., Tonegawa, S., 2001. Forebrain-specific calcineurin knockout 
selectively impairs bidirectional synaptic plasticity and working/episodic-like 
memory. Cell 107, 617-629. 
Zhang, A., Shen, C.H., Ma, S.Y., Ke, Y., El Idrissi, A., 2009. Altered expression 
of Autism-associated genes in the brain of Fragile X mouse model. Biochemical 
and biophysical research communications 379, 920-923. 
Zhou, Q., Homma, K.J., Poo, M.M., 2004. Shrinkage of dendritic spines 
associated with long-term depression of hippocampal synapses. Neuron 44, 749-
757. 
Zito, K., Scheuss, V., Knott, G., Hill, T., Svoboda, K., 2009. Rapid functional 
maturation of nascent dendritic spines. Neuron 61, 247-258. 
 154 
Ziv, N.E., Smith, S.J., 1996. Evidence for a role of dendritic filopodia in 
synaptogenesis and spine formation. Neuron 17, 91-102. 
Zuo, Y., Yang, G., Kwon, E., Gan, W.B., 2005. Long-term sensory deprivation 
prevents dendritic spine loss in primary somatosensory cortex. Nature 436, 261-
265. 
 
 
  
 155 
APPENDIX 
 
Appendix Figure 1.  Wif1 blocks BDNF-induced dendritic spine formation.  (A) 
Quantification of dendritic spine density from cortical neurons expressing EV, 
BDNF, Wif1 or BDNF+Wif1 from DIV7-11.  (B) Quantification of average dendritic 
spine length of neurons expressing EV, BDNF or BDNF+Wif1.  **p<0.01, 
***p<0.001.  n=number of neurons:  EV n=37, BDNF+EV n=22, Wif1+EV n=24, 
BDNF+Wif1 n=30. 
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Appendix Figure 2.  Wnt inhibition blocks BDNF-induced increases in neural 
connectivity.  Quantification of the number of dendritic spines per neuron as 
calculated from the product of dendritic spine density and total dendrite length for 
cortical neurons co-expressing Wnt inhibitors (Wif1, Sfrp1, Fzd8CRD and 
Dvl1ΔPDZ) with either EV or BDNF from DIV10-14.  Asterisks indicate 
comparisons to EV alone.  Hash marks indicate comparison to BDNF+EV.  
*p<0.05, ***p<0.001.  n=number of wells.  EV n=4, BDNF+EV n=4, Wif1 n=4, 
BDNF+Wif1 n=3, Sfrp1 n=4, BDNF+Sfrp1 n=4, Fzd8CRD n=3, BDNF+Fzd8CRD 
n=3,  Dvl1ΔPDZ n=3, BDNF+Dvl1ΔPDZ n=4. 
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Appendix Figure 3.  Nuclear accumulation of ß-Catenin in cultured cortical 
neurons.  DIV10 neurons were treated with LiCl (10µM), BDNF (12.5 ng/mL), KCl 
(20mM), or with BDNF and KCl in combination with TTX (4µM) for 12 hours.  
Neurons were then fixed and stained for nuclear DNA (DAPI) and ß-Catenin.  
Images shown are compressed z-stacks (0.5µm step size) of neurons imaged at 
20X. 
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Appendix Figure 4.  Example tracing of a cortical neuron using the ImageJ 
plugin NeuronJ.  (A) Representative image of a cortical neuron imaged at 20X.  
scale bar=50µm.  (B) Skeletonized tracing of the entire dendritic arbor that was 
used for subsequent dendritic arbor analysis. 
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Appendix Figure 5.  Wnt2 is expressed in the adult mouse brain at low levels.  
in situ hybridization images taken from the Allen Mouse Brain Atlas (Allen Mouse 
Brain Atlas, 2009) showing Wnt2 expression (purple color) in the (A) 
hippocampus, (B) striatum, (C) motor cortex, and (D) visual cortex at P56. 
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Appendix Figure 6.  Expression of Wnt2 with its endogenous 3’UTR increases 
cortical dendrite growth and branching.  (A) Representative cortical neurons 
expressing EV or Wnt2+3’UTR from DIV10-14.  Quantification of (B) total 
dendrite length and (C) number of dendrite endpoints for each treatment.  (D) 
Sholl analysis of dendritic complexity comparing neurons expressing EV with 
neurons expressing Wnt2+3’UTR.  *p<0.05, *p<0.01, ***p<0.001.  n=number of 
neurons:  EV n=37, Wnt2+3’UTR n=22.  
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Appendix Figure 7.  Expression of Wnt2 with its endogenous 3’UTR promotes 
dendritic spine formation.  (A) Representative dendritic segments from cortical 
neurons expressing EV or Wnt2+3’UTR from DIV10-14.  Quantification of (B) 
dendritic spine density and (C) average dendritic spine length of neurons from 
each treatment.  (D) Relative frequency distribution comparing spine length for 
each treatment.  **p<0.01, ***p<0.001.  n=number of neurons:  EV n=29, 
Wnt2+3’UTR n=28. 
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Appendix Figure 8.  Wnt2 expression from DIV7-11 promotes dendritic spine 
formation.  Quantification of (A) dendritic spine density and (B) average dendritic 
spine length of cortical neurons expressing EV or Wnt2.  (C) Relative frequency 
distribution comparing spine length for each treatment.  *p<0.05, **p<0.01, 
***p<0.001.  n=number of neurons:  EV n=37, Wnt2 n=22. 
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Appendix Figure 9.  Genotyping strategy for Wnt2KO mice.  (A) Schematic 
illustrating the location of insertion of the neomycin cassette within Exon 2 of the 
Wnt2 locus, position of the five different PCR primers used for genotyping, and 
the relative location and size of the products from each PCR reaction.  (B) 
Example results from a genotyping assay showing the banding pattern generated 
from Wnt2-/-, Wnt2+/- and WT mice.  Identity of each of the bands is indicated on 
the right and is color-coded according to (A). 
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Appendix Figure 10.  shRNA knockdown of Wnt2 expression.  (A) Schematic 
indicating the location of the targets for each of the three Wnt2 shRNAs used for 
these experiments.  (B) Western blot confirmation of the knockdown efficacy of 
shWnt2.1 and shWnt2.2.  shRNAs were co-expressed with a plasmid encoding 
Wnt2-Flag at a 1:1 ratio in HEK293T cells for 48 hours.  (C) Western blot 
confirmation of the knockdown efficacy of shWnt2.3.  shRNAs were co-
expressed with a plasmid encoding GFP fused with the endogenous Wnt2 3’UTR 
at a 1:1 ratio in HEK293-T cells for 48 hours. 
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Appendix Figure 11.  Immunofluorescent confirmation of the knockdown 
efficacy of shWnt2.1 and shWnt2.2.  shRNAs were co-expressed with a plasmid 
encoding Wnt2-Flag and a plasmid encoding GFP in COS-7 cells for 48 hours 
and then subsequently stained using an antibody directed against the Flag 
epitope.  Shown are two representative fields of view for each shRNA, imaged at 
20X.  Imaging settings were kept consistent throughout. 
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Appendix Figure 12.  Fluorescent confirmation of the knockdown efficacy of 
shWnt2.3.  shRNAs were co-expressed with a plasmid encoding GFP fused with 
the endogenous Wnt2 3’UTR at ratios of 1:1, 1:2, 1:4 and 1:10 for 48 hours in 
COS-7 cells.  Shown are two representative fields of view of GFP fluorescence 
for each shRNA at each ratio, imaged at 20X.  Imaging settings were kept 
consistent throughout. 
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Appendix 13.  Wnt4 is expressed in the adult mouse brain at low levels.  in situ 
hybridization images taken from the Allen Mouse Brain Atlas (Allen Mouse Brain 
Atlas, 2009) showing Wnt4 expression (purple color) in the (A) hippocampus, (B) 
striatum, (C) motor cortex, and (D) visual cortex at P56. 
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Appendix Figure 14.  Regulation of Wnt2 and Wnt4 expression by BDNF at 
DIV16.  Quantification of (A) Wnt2 and (B) Wnt4 mRNA abundance after 4 hr. 
treatment of DIV16 cortical neurons with recombinant BDNF (50 ng/mL).  
*p<0.05, **p<0.01.  n=number of wells:  (Wnt2) NT n=2, BDNF n=3, (Wnt4) NT 
n=3, BDNF n=3. 
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Appendix Figure 15.  Quantification of (A) dendritic spine density and (B) 
number of primary dendrites in BDNF-/- cortical neurons expressing EV, BDNF 
or Wnt2 from DIV7-11.  ***p<0.001.  n=number of neurons:  EV n=22, BDNF 
n=18, Wnt2 n=16. 
 
 
 
 
 
 
 
 
 170 
 
 
 
Appendix Figure 16.  Sholl analysis of dendritic complexity of hippocampal 
neurons comparing neurons expressing EV to neurons expressing (A) BDNF or 
(B) Wnt2 from DIV7-9.  n=number of neurons:  EV n=26, BDNF n=18, Wnt2 
n=27. 
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Appendix Figure 17.  Fzd3 is expressed in the developing mouse brain.  in situ 
hybridization images taken from the Allen Developing Mouse Brain Atlas (Allen 
Developing Mouse Brain Atlas, 2009) showing Fzd3 expression (purple color) in 
the (A) hippocampus, (B) striatum, (C) motor cortex, and (D) visual cortex at P14. 
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Appendix Figure 18.  Fzd3 is expressed in the adult mouse brain.  in situ 
hybridization images taken from the Allen Mouse Brain Atlas (Allen Mouse Brain 
Atlas, 2009) showing Fzd3 expression (purple color) in the (A) hippocampus, (B) 
striatum, (C) motor cortex, and (D) visual cortex at P56. 
 
 
